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Laboratory  tests  were  conducted  on  rock  core  samples  received 
from  ten  core  holes  drilled  in  the  Laramie  range,  Wyoming,  to  deter¬ 
mine  the  integrity  and  mechanical  behavior  of  the  materials.  The  re¬ 
sults  were  to  be  used  to  determine  the  usefulness  of  the  Warren  Siting 
Area  for  potential  missile  sites.  Series  I  tests  (relative  hardness, 
specific  gravity,  compressive  strength,  sonic  velocity,  etc.)  indi¬ 
cated  the  materials  to  be  relatively  uniform,  competent  granite,  dio- 
rite,  and  gneiss  rock.  Series  H  tests  (triaxial,  hydrostatic,  and 
confined  compression)  indicated  the  rock  to  be  rather  incompressible 
and  brittle  up  to  36,000-psi  triaxial  stress.  Series  HI  tests  indi¬ 
cated  that  the  granite  and  diorite  had  Hugoniot  elastic  limits  of  50 
kilobars  or  more  and  the  gneiss  approximately  20  kilobars.  In  order 
to  better  define  the  physical  and  mechanical  behavior  of  the  rock, 
triaxial  tests  to  approximately  150,000  psi  on  intact  and  jointed 
specimens  and  equation  of  state  tests  at  pressures  to  approximately 
600  kilobars  should  be  conducted. 
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PREFACE 

This  study  >c  sen  ducted  in  the  Concrete  Division  of  the  U.  S. 
Any  Engineer  Wst-,**rvo.ys  Experiment  Station  (WES)  under  the  spon¬ 
sorship  of  the  U.  S.  Air  force  Space  and  Missile  Systems  Organi¬ 
zation  (SA1-K0)  of  the  Air  Force  Systems  Command.  The  study  was 
coordinated  with  1LT  Rupert  G.  Tart,  Jr.,  SAKSO  Project  Officer, 
and  Mr.  Korean  P.  Langley  of  Aerospace  Corporation,  San  Bernardino, 
California.  The  work  was  accomplished  during  the  period  June  1968 
to  February  1969  under  the  general  supervision  of  Mr.  Bryant  Mather, 
Chief,  Concrete  Division,  and  under  the  direct  supt.  rsion  of 
Messrs.  J.  M.  Point ty.  Chief,  Engineering  Mechanics  Branch,  W.  0. 
Tynes,  Chief,  Concrete  end  Rock  Properties  Section,  and  K.  L. 
Saucier,  Project  Officer.  Project  leaders  were  Mr.  D.  L.  Ainsworth 
for  the  special  (Series  III)  tests,  Mr.  A.  D.  Buck  for  the  petrog¬ 
raphy  work,  and  Mr.  E.  E.  McCoy  for  the  thermal  and  sonic  work. 

Mr.  Saucier  performed  the  majority  of  the  program  analysis,  and 
prepared  this  report  with  the  assistance  of  Mr.  Ainsworth. 

Directors  of  the  WES  during  the  investigation  and  the  prepara¬ 
tion  and  publication  of  this  report  were  COL  John  R.  Oswalt,  Jr., 

CE,  and  COL  Levi  A.  Brown,  CE.  Technical  Director  was  Mr.  J.  B. 
Tiffany;  Assistant  Technical  Director  was  Mr.  F.  R.  Brown. 
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CHAPTER  1 


INTRODUCTION 


1.1  BACKGROUND 

The  purpose  of  this  study  was  to  supplement  the  information 
being  obtained  for  the  hard  rock  missile-siting  investigation  by 
the  U.  S.  Air  Force  Space  and  Missile  Systems  Organization  (SAMSO). 
It  was  necessary  to  define  the  properties  required  on  the  specific 
materials  for  utilization  in  the  various  computer  codes  for  ground- 
motion  predictions  and  as  necessary  for  design  of  structures  in 
the  medium.  Results  of  tests  on  cores  from  the  Laramie  range 
near  Warren  AFB,  Wyoming,  are  reported  herein. 


1.2  OBJECTIVE 

The  objective  of  this  investigation  was  to  conduct  laboratory 
tests  on  samples  from  potential  missile  sites  to  determine  the 
integrity  and  the  mechanical  behavior  of  the  materials  as  com¬ 
pletely  as  possible,  analyze  the  data  thus  obtained,  and  report 
the  results  to  appropriate  users. 


1.3  SCOPE 

Laboratory  tests  were  conducted  as  indicated  on  the  following 
page  on  samples  received  from  the  field.  Table  1.1  gives  pertinent 
information  on  the  various  tests. 


Series  I  tests,  conducted  to  determine  the  general  quality, 
uniformity,  and  integrity  of  the  rock  in  the  area  sampled: 

(l)  relative  hardness  (Schmidt  number),  (2)  specific  gravity, 

(3)  porosity,  (4)  indirect  tension,  (5)  unconfined  shear,  (6)  un¬ 
confined  compression,  (?)  cyclic  compression,  (8)  dynamic  moduli, 

(9)  sonic  velocity,  and  (10)  petrographic  examination. 

Series  II  tests,  conducted  to  define  the  elastic  properties  of 
selected  types  of  rock  under  various  states  of  stress:  (l)  triaxial 
compression,  (2)  hydrostatic  compression,  and  (3)  confined 
compression. 

Series  III  tests,  conducted  to  define  the  pressure-volume 
relation  of  selected  types  of  rock  at  very  high  rates  of  load: 

(l)  low  pressure  (air  gun)  and  (2)  high  pressure  (explosives). 


1.4  SAMPLES 

Samples  were  received  from  10  holes  in  the  Warren  Siting  Area 
designated  as  Laramie  and  CR-4,  -10,  -15,  -19,  -32,  -35,  -39,  -42, 
and  -48.  All  samples  were  IK  size  cores  (2-1/8- inch"*"  diameter) 
except  the  Laramie  core  which  was  1-7/8  inches  in  diameter.  Test 
specimens  of  the  required  dimensions  as  given  in  Table  1.1  were 


A  table  of  factors  for  converting  British  units  of  measurement 
to  metric  units  is  presented  on  page  7. 
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prepared  for  the  individual  tests.  Series  I  tests  were  conducted  on 
selected  specimens  from  all  holes.  Series  II  and  III  tests  were 


conducted  on  specimens  of  the  Laramie  core  and  core  from  Holes 
CR-42  and  CR-10. 


1.5  REPORT  REQUIRH4ENTS 

The  immediate  need  for  the  test  results  required  that  data- 
reports  he  compiled  and  forwarded  to  the  users  as  work  was  com¬ 
pleted  on  each  hole.  The  data  reports  of  the  individual  test 
results  are  included  herein  as  Appendixes  A  through  L. 


. . .  . . . . . mam  . 
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CHAPTER  2 


TEST  METHODS 


2.1  SCHMIDT  HUMBER 

The  Schmidt  number  is  a  measure  of  the  relative  degree  of  hard¬ 
ness  as  determined  by  the  degree  of  rebound  of  a  small  mass  propelled 
against  a  test  surface .  Twenty-four  readings  per  specimen  were  taken 
as  suggested  by  Deere  and  Miller.'*'  The  average  of  these  readings  is 
the  Schmidt  number  or  relative  hardness .  The  hardness  is  often  taken 
as  an  approximation  of  rock  quality,  and  may  be  correlated  with  other 
physical  tests  such  as  strength,  density,  and  modulus. 


2.2  SPECIFIC  GRAVITY  A1ID  POROSITY 

The  specific  gravity  of  the  "as-received"  samples  was  determined 
by  the  loss  of  weight  method  conducted  according  to  method  CRD-C  107 
of  the  "Handbook  for  Concrete  and  Cement."^  A  pycnometer  is  utilized 


Deere,  D.  U.  and  Miller,  R.  P. ;  "Engineering  Classification  and 
Index  Properties  for  Intact  Rock";  Technical  Report  Ho.  AFWL-TR- 
65-116,  December  1966;  Air  Force  Weapons  Laboratory,  Kirtland  Air 
Force  Base,  II.  Mex.;  Unclassified. 

2  U.  3.  Amy  Engineer  Waterways  Experiment  Station,  CE;  "Handbook  for 
Concrete  and  Cement";  August  19^9  (with  quarterly  supplements); 
Vicksburg,  Miss. ;  Unclassified. 
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to  determine  the  less  of  weight  ol'  the  s staple  upon  submergence.  The 
specific  gravity  is  equal  to  the  weight  in  air  divided  by  J  :.e  loss 
of  weight  in  water. 

Porosity,  herein  defined  as  the  volume  of  voids  expressed  as  a 
percentage  of  total  volume,  was  determined  after  the  samples  utilized 
for  the  specific  gravity  test  had  been  dried  to  constant  weight. 

The  amount  of  water  forced  into  the  test  sample  under  1200-psi 
fluid  pressure  in  a  pressure  pycnometer  was  carefully  measured. 
Utilizing  the  known  density  of  the  water,  the  void  space  in  the  test 
sample  was  calculated.  For  very  dense  material,  the  sample  was 
broken  into  small  pieces  to  allow  the  fluid  to  saturate  it. 

2.3  TENSILE  AND  SHEAR  STRENGTHS 

The  tensile  strength  was  determined  by  the  indirect  method, 
commonly  referred  to  as  the  tensile  splitting  or  Brazilian  method, 
in  which  a  tensile  stress  is  induced  in  a  cylindrical  test  speci¬ 
men  by  a  compressive  force  applied  on  two  diametrically  opposite 
line  elements  of  the  cylindrical  surface.  The  test  was  conducted 
according  to  method  CRD-C  77  of  the  "Handbook  for  Concrete  and 
Cement".^ 

The  shear  strength  was  determined  directly  by  the  single-plane 

2 

method  described  in  CRD-C  90*  The  method  consists  essentially  of 
forcing  a  shear  plane  by  holding  one  end  of  a  test  specimen 
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stationary  and  moving  the  other  end  pei-pendicular  to  the  axis  of  the 
specimen. 


2.4  DYNAMIC  PROPERTIES 

Bulk,  shear,  and  Young 1 s  moduli,  Poisson's  ratio,  and  shear  ve¬ 
locity  were  determined  on  selected  rock  samples  "by  use  of  the  method 
of  vibrating  unconfined  samples  in  the  fundamental  modes  of  vibration. 

The  resonant  frequencies  were  utilized  to  compute  the  aforementioned 

_  p 

elastic  properties  as  given  in  CRD-C  18. 

The  velocity  at  which  a  compressional  wave  travels  through  an 
isotropic  solid  is  often  used  as  a  relative  measure  of  the  compe¬ 
tency  of  the  material.  Compression  wave  velocities  were  determined 

o 

on  selected  rock  core  samples  by  the  method  given  in  CRD-C  51. 


2.5  PETROGRAPHIC  DIAKIKATION 

A  limited  petrographic  examination  was  conducted  on  samples  se¬ 
lected  to  be  representative  of  the  material  received.  The  examina¬ 
tion  was  limited  to  identifying  the  rock,  determining  general  condi¬ 
tion,  identifying  mineralogical  constituents,  and  noting  any  unusual 
characteristics  which  may  have  influenced  the  test  results. 


2.6  STREfJGTH  TESTS 


The  unconfined,  cyclic,  triaxial,  hydrostatic,  and  confined 
compression  test  specimens  were  prepared  according  to  the  American 


^  — *  w  - 


Society  for  Testing  and  Materials  and  Corps  of  Engineers  standard 
method  of  test  for  triaxial  strength  of  unirained  rock  core  speci- 
mens,  CRD-C  14?*  Essentially,  the  specimens  were  cut  with  a  diamond 
blade  saw,  and  the  cut  surfaces  were  ground  to  a  tolerance  of  0.001 
inch  across  any  diameter  with  a  surface  grinder  prior  to  testing. 
Electrical  resistance  strain  gages  were  utilized  for  strain  measure¬ 
ments,  two  each  in  the  axial  (vertical)  and  horizontal  (diametral) 
directions.  Static  Young’s,  bulk,  shear,  and  constrained  moduli  were 
computed  from  strain  measurements.  Stress  was  applied  with  a 
MiO, 000-pound- capacity  universal  testing  machine.  The  stress  condi¬ 
tions  are : 

1.  Unconfined  strength,  =  0 

2.  Triaxial  strength,  /  0 

3*  hydrostatic  stress,  a-x  =  °2  ~  °3 

4.  Confined  stress,  :  Og  =  ,  variable,  to  maintain 

e2  *  '3  ’  ° 


2.7  SHOCK  RESPONSE 

The  shock-loading  characteristics  of  the  rock  at  relatively  lew 
dynamic  pressures  were  studied  by  observing  the  action  of  a  shock 
wave  produced  by  the  impact  of  a  projectile  on  a  rock  specimen.  The 
.system,  given  in  the  Addendum  to  Appendix  A,  "System  for  Studying 
the  Shock  Response  of  Rock  and  Other  Nonferromagnetic  I-Jaterials  at 
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Pressures  Belcvr  to  Kilobars,"  loads  the  sample  in  a  one-dimensional 
state  in  approximately  1  nsec. 

The  Hugoniot  equation  of  state  was  determined  on  selected  sam¬ 
ples  in  the  pressure  range  of  50  to  500  kilobars  by  an  explosive 
system  consisting  of  a  plane-wave  lens  and  high  explosive  charge  as 
given  in  the  Addendum  to  Appendix  A,  "System  for  the  Determination 
of  the  Hugoniot  Equation  of  State  of  Rock  and  Grout." 
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CHAPTER  3 

SERIES  1  TEST  RESULTS 

3.1  BIORITE 

Core  samples  received  from  three  of  the  holes  were  identified 
as  diorite:  soda  diorite  from  Laramie  and  CR-19  and  lime  diorite 
from  Hole  CR-32.  Detailed  results  are  given  in  Appendixes  B,  C, 
and  D;  a  summary  of  the  results  is  given  below: 


Property 

Hole  Humber 

Laramie  CR-19  CR-19 

(top)  ■  (bottom) 

CR-32a 

Bata,  Appendix 

£ 

C 

C 

D 

Schmidt  number 

50.1 

54.1 

56.4 

54.8 

Specific  gravity 

2.?2 

2.82 

2.88 

2.76 

Porosity,  percent 

0.0 

0.0 

0.1 

0.1 

Tensile  strength,  psi 

1,400 

1,130 

1,350 

1,440 

Shear  strength,  psi 

2,420 

1,060 

1,560 

— 

Compressive  strength,  psi 

21,580 

25,070 

24,670 

27,470 

Compression  wave  velocity,  fps 

19,790 

20,400 

20,800 

15,480 

Shear  wave  velocity,  fps 

11,270 

11,400 

11,360 

10,980 

Continued 


Overall  quality  very  poor  due  to  fragmentation 
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The  soda  diorite  is  apparently  a  very  rigid  rock  as  indicated  by  the 
high  moduli  and  negligible  hysteresis  of  the  stress-strain  curves . 

The  lime  diorite  was  significantly  poor  when  compared  with  all  other 
cores  received  from  the  Warren  area.  The  indication  of  high  quality 
by  the  basic  tests  reported  above  should  not  be  construed  as  evi¬ 
dence  of  a  competent  material  throughout.  The  entire  length  of  sam¬ 
ples  received  was  highly  fractured;  locating  sufficient  core  for -test 
specimens  was  difficult.  As  indicated  by  the  basic  tests,  the  core 
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which  was  not  fractured  was  a  relatively  competent  material. 


3.2  GRANITE 


Samples  received  from  five  of  the  holes,  CR-4,  -35,  -39,  -42, 
and  -48,  were  identified  as  medium-  to  coarse-grained  granite.  The 
core  from  the  lower  depth  of  Hole  4  was  identified  as  tonalite. 
Detailed  results  are  given  in  Appendixes  E  through  I;  a  summary  of 
the  results  is  given  below: 


Property 


Data,  Appendix 


Hole  Number  CR- 


4(top)  4(bot-  35 
tom) 


Schmidt  number 


53.5  56.6  52.7  52.2  50.0  57.3 


Specific  gravity 


2.63  2.69  2.69  2.71  2.67  2.66 


(Continued) 


Hole  Number  CR 


4{top)  4(bot-  35  39  I# 


Porosity,  percent 

0.0 

0.0 

0.1 

0.6 

0.4 

0.4 

Tensile  strength,  psi 

1,120 

1,380 

870 

815 

780 

1,200 

Shear  strength,  psi 

— 

2,030 

1,000 

1,370 

1,910 

1,450 

Compressive  strength, 
psi 

24,300 

30,950 

21,960 

20,940 

18,060 

21,870 

Compression  wave 
velocity,  fps 

l4,6oo 

18,360 

12,550 

17,030 

15,340 

18,260 

Shear  wave  velocity, 
fps 

8,780 

10,640 

7,350 

10,180 

9,070 

10,880 

Dynamic  moduli, 
millions  of  psi 

Young’s 

Bulk 

Shear 

5.7 
2.1 

2.7 

10.0 

5.0 

4.3 

4.8 

3.1 

1-9 

8.4 

3.7 

3.7 

7.1 

3.4 

3.1 

9.8 

5.0 

4.2 

Dynamic  Poisson’ ^ 
ratio 

0.05a 

0.17 

0.24 

0.12 

0.14 

0.17 

Static  moduli, 
millions  of  psi 

Young's 

Bulk 

Shear 

10.0 

6.0 

4.1 

10.6 

7.1 

4.3 

7.9 

4.8 

3.2 

7.9 

6.4 

3.1 

10.0 

7.3 

4.1 

9.7 

6.8 

3.8 

Static  Poisson’s 

• 

ratio 

0.22 

O.25 

0.22 

0.29 

O.27 

0.26 

Doubtful  result 


. . . . . . . . . . . 
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The  granite  from  the  five  holes  sampled  is  composed  generally 
of  quartz,  plagioclase  and  potassium  feldspars,  and  biotite  v/ith 
smaller  amounts  of  hornblende,  pyroxene,  and  several  other  minerals. 
The  rock  is  quite  similar  from  hole  to  hole ,  and  possibly  may  all 
have  been  taken  from  the  same  igneous  body.  The  tonalite  from  Hole  4 
was  obviously  different  in  appearance  and  was  apparently  slightly 
more  competent  than  the  reddish  granite.  All  of  the  rock  tested  ap¬ 
peared  to  be  competent  material,  and  relatively  uniform  in  physical 
properties  within  drill  holes  and  between  holes. 

The  compressive  strength  of  samples  tested  from  Holes  35 >  39  » 
and  48  was  unusually  consistent  for  a  rocklike  material.  The  rock 
in  Hole  42  was  the  most  variable  material  reported  above  and  also 
the  least  competent ,  due  probably  either  to  the  small  amount  of  mont- 
morillonitic  clay  or  the  numerous  small  fractures  present  throughout 
the  core.  Most  of  the  compression  test  specimens  from  all  holes,  but 
especially  Hole  42,  exhibited  a  slight  pJ&stic-elastic  stress-strain 
relation  associated  with  initial  crack  closing,  followed  by  a  steeper 
linear  relation.  The  hysteresis  loops  were  essentially  closed; 
little  residual  strain  was  evident .  The  small  fractures  might  also 
be  the  cause  for  apparently  lower  moduli  determined  dynamically, 
since  the  static  moduli  were  determined  under  stress  while  the  dy¬ 
namic  moduli  were  determined  on  unstressed  specimens. 


3.3  GNEISS 

The  cores  received  from  Holes  CR-10  and  CR-15  were  identified 
as  gneiss.  Gneiss  is  the  rock  name  for  a  metamorphic  rock  that  shows 
alternating  layers  of  light-  and  dark- colored  minerals.  Detailed  re¬ 
sults  are  given  in  Appendixes  J  and  K.  A  sumoary  of  the  results  is 
given  below : 

Property  Hole  Number  CR- 


10 

10 

15 

15 

15 

(top) 

(bottom) 

(top) 

(middle) 

(bottom) 

Data,  Appendix 

J 

J 

K 

K 

K 

Schmidt  number 

57.3 

54.4 

52.5 

57.5 

53.9 

Specific  gravity 

2.63 

2.73 

3.06 

2.69 

2.93 

Forosity,  percent 

0.4 

0.4 

0.0 

0.0 

0.0 

Tensile  strength,  psi 

r,360 

1,030 

2,260 

l,l4o 

2,220 

Shear  strength,  psi 

— 

1,370 

— 

— 

1,220 

Compressive  strength, 
psi 

29,930 

15,300 

30,770 

29,200 

32,900 

Compression  wave  ve¬ 
locity,  fps 

15,590 

18,060 

18,980 

15,900 

18,280 

Shear  wave  velocity, 
fps 

9,420 

10,880 

12,700 

_ 

32,130 

(Continued) 
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Property 

Hole  Humber  CR- 

10 

(top) 

10 

(bottom) 

15 

(top) 

!5 

(middle) 

15 

(bottom) 

Dynamic  moduli, 
millions  of  psi 

Young  *  s 

6.9 

10.0 

15.2 

13.5 

Bull: 

2.9 

5.2 

7-7 

— 

6.8 

Shear 

3.1 

4.2 

6.5 

— 

5.8 

Dynamic  Poisson’s 

ratio 

0.11 

0.18 

0.17 

— 

0.17 

Static  moduli, 
millions  of  psi 

Young's 

8.8 

9.3 

14.7 

11.8 

14.4 

Bulk 

4.9 

7.3 

10.3 

6.8 

9.1 

Shear 

3.7 

3.7 

5.8 

4.8 

5.8 

Static  Poisson's  ratio 

0.20 

0.27 

0.26 

.0.21 

0.24 

The  gneissic  rock  from  the  two  holes  sampled  is  apparently  com¬ 
petent  hut  quite  variable  material.  Two  distinct  types  of  material 
were  evident  in  the  core  received  from  Hole  10,  a  light-colored 
gneiss  at  the  top  or  upper  elevation,  and  dark  banded  roc.<  in  the 
lower  depths.  The  light-colored  rock  had  an  unusually  Mg):  compres¬ 
sive  strength  (approximately  30,000  psi)  and  Schmidt  number  (57. 3) 
for  a  moderately  dense  material.  Conversely,  the  handed  material, 
although  somewhat  heavier  and  with  a  significantly  higher  velocity, 
yielded  a  compressive  strength  only  half  that  of  the  light-colored 
rock  due  to  failure  along ‘the  bands. 
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Three  types  of  material  were  evident  in  the  core  received  from 
Hole  15:  a  dark  amphibolite  in  the  upper  portion,  &.  white  pegmatite 
in  the  middle,  and  banded  amphibolite  and  pegmatite  in  the  lower. 

The  range  in  individual  compressive  strength  tests  was  rather  large, 
23,000  to  ho, 000  psi  (Appendix  K);  however,  the  averages  of  the 
three  groups  were  approximately  equal.  Significantly,  the  test  re¬ 
sults  obtained  on  the  white  pegmatite,  at  the  middepth  in  Hole  15, 
compare  closely  wr  th  the  results  obtained  on  the  light-colored  rock 
from  the  top  of  Hole  10.  The  relatively  high  tensile  strengths  in¬ 
dicated  for  the  upper  and  lower  elevations  cf  Hole  15  were  deter¬ 
mined  perpendicular  to  the  handing;  actually  the  shear  strength  (ap¬ 
proximately  1,200  psi),  determined  with  the  banding,  is  more  indica¬ 
tive  of  the  lower  failure  stress  level  of  the  material.  Stress- 
strain  curves  for  rock  from -both  holes  show  negligible  hysteresis. 


SERIES  II  TEST  RESULTS 


I..1  LARAMIE  CORE 

The  Laramie  core  was  selected  to  represent  the  diorites  for  the 
Series  II  tests.  Hydrostatic  compression  tests  were  conducted  on 
three  specimens,  one  each  to  pressures  of  8, OCX),  20,000,  and  36,000 
psi.  Triaxial  tests  were  then  conducted  utilizing  the  same  specimens 
at  confining  pressures  equal  to  the  hydrostatic  pressures  previously 
applied.  Two  confined  compression  tests  were  conducted  on  separate 
specimens,  the  confining  pressure  being  applied  to  prevent  lateral 
straining  as  axial  load  was  applied  by  the  piston  in  the  triaxial 
chamber.  Results  are  given  in  Appendix  B.  Young's,  bulk,  and  con¬ 
strained  moduli  may  be  compared  for  the  unconfined  (Series  I)  and 
confined  (Series  II )  tests  as  follows: 


Moduli,  millions  of  psi 


Series  I 

Series  II 

Computed 

From  Result 

Computed 

From  Result 

Young's 

Unconfined 

11.8 

Triaxial 

12.2 

test 

test 

Bulk 

Poisson's 

•  8.6 

Hydrostatic 

9-1 

ratio 

test 

Constrained 

Theory  of 

16.9 

Confined 

16.3 

elasticity 

test 

Good  correlation  is,  therefore,  indicated  between  the  unconfined  and 
confined  tests. 

The  Mohr  envelope  for  the  triaxial  tests  is  apparently  a  straight 
line  up  to  the  20,000-psi  confining  pressure  level  and  then  assumes  a 
curvilinear  relation  w5.th  increased  confining  pressure.  Pronounced 
shear  planes  developed  in  the  specimens  tested  at  8,000-  and  20,000-psi 
confining  pressures;  however,  initial  failure  apparently  occurred 
along  a  crystal  face  in  the  36,000-psi  test.  Thus,  the  curvature  of 
the  envelope  may  be  due  to  premature  yielding  along  the  crystal  inter¬ 
face.  The  compression  wave  velocity  was  recorded  during  test  to  fail¬ 
ure  of  two  triaxial  test  specimens .  The  results  indicated  that  the 
velocity  increased  initially  under  load,  probably  due  to  closure  of 
small  cracks,  and  then  remained  rather  constant  up  to  failure. 

4.2  CR-42  CORE  — 

The  CR-42  core  was  selected  to  represent  the  granites  for  the 
Series  II  tests.  Hydrostatic  compression  tests  were  conducted  on 
three  specimens,  one  each  to  pressures  of  9,000,  JjB,000,  and  36,000 
psi.  Triaxial  tests  were  then  conducted  utilizing  the  same  specimens 
at  confining  pressures  equal  to  the  hydrostatic  pressures  previously 
applied.  Two  confined  compression  tests  were  conducted  on  separate 
specimens,  the  confining  pressure  being  applied  to  prevent  lateral 
straining  as  axial  load  was  applied  by  the  piston  in  the  triaxial 
chamber.  Results  are  given  in  Appendix  H.  Young’s,  bulk,  and 
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constrained  moduli  may  be  compared  for  the  unconfined  (Series  I) 
and  confined  (Series  II)  tests  as  follows: 


Moduli,  millio! 

as  of  psi 

Series 

I 

Series 

II 

Computed 

From 

Result 

Computed 

From 

Result 

Young's 

Unconfined 

test 

10.0 

Triaxial 

test 

12.0 

Bulk 

Poisson’s 

ratio 

7-3 

Hydrostatic 

test 

5-8 

Constrained 

Theory  of 
elasticity 

ik.U 

Confined 

test 

15.0 

Significantly,  the  Young’s  modulus  is  lower  for  the  unconfined  test, 
and  the  bulk  modulus  higher,  compared  with  the  confined  tests.  A 
possible  explanation  is  the  closure  of  the  small  fractures  under  load. 
If  the  fractures  close  predominantly  under  initial  load,  as  is  usually 
the  case,  the  unconfined  Young’s  modulus  would  be  lower,  as  it  is, 
than  trie  tri axial  Young’s  modulus  which  is  determined  after  the  con¬ 
fining  pressure  has  been  applied.  Also,  the  hydrostatic  bulk  modulus 
could  be  expected  to  be  lower  than  the  static  bulk  modulus  which  is 
computed  at  approximately  one-half  the  ultimate  strength  in  the  uncon¬ 
fined  test. 

Dire  to  the  variability  of  the  CR-42  core,  two  Mohr  envelopes  were 
constructed  utilizing  the  results  of  the  unconfined  and  triaxial 
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compression  tests."  The  more  competent  material  had  an  initial  angle 

i 

of  shearing  resistance  of  approximately  52  degrees,  the  less  competent  j 
rock,  45  degrees.  Also,  the  i-nvelope  of  the  less  competent  material 
appeared  to  be  assuming  a  curvilinear  relation  at  36jOOO-psi  confin¬ 
ing  pressure,  the  maximum  available  for  these  tests.  The  compression 
wave  velocity  was  recorded  during  test  to  failure  of  two  triaxial 
test  specimens.  As  in  the  tests  on  the  diorite  core,  the  velocity 
increased  slightly  under  load,  probably  due  to  closure  of  small 
cracks . 


4.3  CR- 10  CORE 

The  CR-10  core  was  selected  to  represent  the  gneiss  for  Hie 
Series  II  tests.  Hydrostatic  compression  tests  were  conducted  on 
three  specimens,  one  each  to  pressures  of  9,000,  18,000,  and  36,000 
psi.  Triaxial  tests  were  then  conducted  utilizing  the  same  specimens 
at  confining  pressures  equal  to  the  hydrostatic  pressures  previously 
applied.  Two  confined  compression  tests  were  conducted  on  separate 
specimens,  the  confining  pressure  being  applied  to  prevent  lateral 
straining  as  axial  load  was  applied  by  the  piston  in  the  triaxial 
chamber.  Results  are  given  in  Appendix  J.  Young's,  bulk,  and  con¬ 
strained  moduli  nay  be  compared  for  the  unccnfined  (Series  X)  and 
confined  (Series  II )  tests  as  follows: 
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K-oduli,  mil 

lions  of  psi 

Series 

I 

Series 

II 

Computed 

From 

Result 

Computed 

From 

Result 

Young  * s 

Unconfined 

9.2 

Triaxial 

12.0 

test 

test 

Bulk 

Poisson's 

6.5 

Hydrostatic 

7-0 

ratio 

test 

- 

Contrained 

Hieory  of 

13-9 

Confined 

15.0 

elasticity 

test 

Reasonably  good  correlation  is  indicated  between  the  unconfined  and 
confined  tests. 

The  Kohr  envelope  for  the  triaxial  tests  is  initially  a  straight 
line  at  an  angle  of  shearing  resistance  of  approximately  hf>  degrees. 
Hie  envelope  develops  a  pronounced  curvilinear  relation  with  in¬ 
creased  confining  pressure  and  appears  to  be  approaching  linearity  at 
36,000-psi  confining  pressure.  However,  the  apparent  approaching 
linearity  should  not  be  considered  a  Von  MLses  yield,  but  probably  is 
the  result  of  the  bedding  and  stratification.  Pronounced  shear 
planes  developed  in  the  specimens  along  the  bedding  planes.  The  com¬ 
pression  wave  velocity  recorded  during  test  to  failure  of  two  tri¬ 
axial  test  specimens  increased  slightly  under  load  as  for  the  dio- 
ritc  and  granite  specimens. 
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4.4  THERMAL  PROPERTY  TESTS 

E.erml  property  tests  on  selected  cores  were  added  to  the  test 
program  as  testing  was  nearing  completion.  Hieraal  diffusivity, 
specific  heat,  and  thermal  conductivity  tests  were  conducted  on 
samples  from  four  holes,  CK-h,  -15,  -19,  and  -35.  lest  methods  and 
results  are  given  in  Appendix  L. 
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CHAPTER  5 

SERIES  III  TEST  RESULTS 

f 

5.1  TESTS 

Equation  of  state  tests  were  performed  on  the  three  rock  types 
from  the  Warren  Siting  Area.  A  minimum  of  three  low  pressure  tests 
(pressures  less  than  40  kilobars)  and  three  high  pressure  tests  (pres¬ 
sures  to  4 00  kilobars)  were  conducted  on  each  rock.  The  techniques 
and  test  equipment  used  in  these  tests  are  explained  in  the  Addendum 
to  the  uetafed  results.  Appendix  A.  A  summary  of  the  results  is 
given  below: 


Core 

Shock- 

Velocity 

Particle 

Velocity 

Pressure 

Specific 

Volume 

ft) 

im/jisec 

Low  Pressure  Tests: 

mnyiisec 

kilobars 

Laramie 

4.45 

0.037 

4.7 

0.992 

4.99 

0.3.39 

18.7 

0.972 

7-00 

0.166 

31.7 

0.976 

6.10 

0.263 

43.4 

0.957 

CR-42 

4.80 

0.072 

9.5 

0.965 

5.00 

0.090 

11.9 

0.982 

5.00 

0.158 

21.1 

O.968 

CR-10 

4.15 

O.OBl 

9.2 

O.98O 

4.50 

0.154 

18.6 

O.966 

3.22 

0.268 

28.9 

0.930 

. 

5.04 

0.138 

(Continued) 

18.7 

0.973 
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5-2  DIOCUSSIOTI  OF  RESULTS 

.AH  three  cores  exhibited  considerable  data  scatter  due  to  the 
largo  grain  size  and  material  nonhomogeneity  with  respect  to  this 
type  of  test.  The  Laramie  and  CR-42  cores  had  Hugoniot  elastic 
lira  tr.  of  50  kilobars  or  more.  The  CK-10  core  had  an  elastic  limit 
oi'  approximately  20  kilobars.  The  Laramie,  CFt-42,  and  CR-10  cores 
had  clastic  wave  velocities  of  approximately  6.06,  6.03,  and 
r'.6S  rnrn/pseo,  respectively.  The  second  wave  velocity,  of  course,  is 
dependent  upon  the  final  pressure  level  attained  in  the  material.. 

All  three  high  pressure  tests  for  each  material  reached  a  final  state 
wLJ  •.*!  vrns  still  in  the  unstable  or  multiple  wave  region  with  the 
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Velocity 

Particle 

Velocity 

Pressure 

Specific 

Volume 

fe) 

■ 

mm/pnec 

rsn/psec 

k.ilauars 

L-tramio 
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4.42 

0.71 

95 

0.851 

5.19 

1.51 

215 

0.704 

5.80 

2.17  ' 

340 

0.610 

CR-42 

4.17 

0.72 

91 

0.842 

5.51 

1.48 

216 

0.724 

s  Co 

2.18 

328 

0.600 

CF-IO 

4.03 

0.74 

89 

0.832 

5.34 

1.50 

213 

0.708 

5-79 

2.18 

333 

0.603 

>.roption  of  possibly  the  highest  pressure  test  for  CR-10.  This  par- 
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titular  data  point  appears  to  have  just  exceeded  the  multiple  wave 
region. 

Comparison  of  test  results  from  the  three  test  series  is  dif¬ 
ficult  due  to  the  differences  In  tost  methods  and  properties  de- 

| 

tonnined.  Moduli  of  deformation  may  be  compared  below  as  a  matter  of  I 

I 

J 

interest  if  one  is  mindful  of  the  differences  mentioned  above.  > 


Moduli,  millions  of  psi 

Series  I 

Series  II 

Series  III 

State  of  stress 

Unconfined 

Confined 

Confined 

Rate  of  load 

Static 

Static 

Shock 

Modulus  type 

Young's 

Constrained 

One-Dimensional 

Moduli  for: 

Laramie 

11.8 

16.3 

13-3 

CR-42 

10.0 

15.0 

9-3 

CR-10 

9-2 

15.0 

8.7 
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CONCLUSIONS  AND  RECOMT-IENLATIONS 

6.. I  CONCTJJSIOKS 

The  •'or"  received  from  the  Warren  Siting  Area  represented  three 
typvjs  of  rock:  diorite,  granite,  and  gneiss.  generally  all  samples 
received  indicated  relatively  uniform,  unweather- d ,  hard  rock  with  the 
exception  of  one  hole,  CR-32,  which  contained  highly  fractured  lime 
diorite.  Maximum  crystal  size  of  the  other  two  diorite  holes  ap¬ 
proached  2  inches,  and  that  for  the  five  granite  holes,  l/2  inch. 
Stress-strain  curves  generally  exhibited  little  hysteresis.  Typically, 
basic  properties  for  the  rock  from  the  nine  competent  holes  would  he 
approximately:  (l)  Unconfined  compressive  strength,  20,000  psi, 

(f)  Specific  gravity,  2.70,  (3)  Porosity,  <1.0  percent,  (4)  Compres¬ 
sion  wave  velocity,  15,000-17,000  fps,  (5)  Young’s  modulus,  10.0  x  10^ 
psi. 

MuJ.tiaxial  tests  indicated  that  bulk  moduli  would  approximate 
B.O  x  1<>6  psi  and  constrained  moduli,  15  x  10^  psi.  The  maximum  con¬ 
fining  pressure  available,  36,000  psi,  did  not  allow  definition  of  the 
Von  Mines  yield  condition. 

The  low  pressure  shock  tests  indicated  that  the  diorite  and  gran- 
.iu  had  Uugoniot  elastic  limits  of  50  kilobars  or  more,  and  the  gneiss 
an  c  Lar<  i,~  limit  of  approximately  20  kilobars.  The  high  pressure 
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tests  for  each  material  reached  a  final  state  which  was  still  in  the 
unstable  or  mu3tiple  wave  region  at  the  limit  of  the  test  equipment. 


6.2  HECOMMEtffiATIOKS 

In  order  to  better  define  the  physical  and  mechanic.il  behavior  of 
the  rock,  it  is  recommended  that  the  following  additional  tests  be 
conducted  on  representative  samples  of  the  three  materials:  (l)  Tests 
on  specimens  with  joint  planes  under  confining  pressure  to  determine 
the  yield  envelope  of  the  jointed  rock.  (2)  Triaxial  tests  to  approx¬ 
imately  150,000-psi  confining  pressure  to  determine  the  plastic  yield 
limit  of  the  intact  rock.  (3)  Equation  of  state  tests  at  pressures  to 
approximately  600  kilobars  to  define  the  stable  region  and  release 
adiabatic  tests  in  the  low  pressure  region  to  establish  -the  shock  un¬ 
loading  characteristics  of  the  rock. 


35-36 


APPENDIX  A 
SERIES  III  TESTS 
13  FEBRUARY  1959 


I 


l 


u 

i* 


i  ? 


A*'. 


Warren  Siting  Ares:  Scries  III  Tests 


Introduction 


1.  Series  III  equation  ->f  state  tests  were  conducted  on  three 
cores  from  the  Varren  Siting  Area.  The  low-pressure  equation  of  state 
!  >.t  n  v/*re  obtained  using  an  induction  wire  technique  in  conjunction 
with  a  rmnressed-air  gun  facility.  The  high-oressure  equation  of 
state  data  were  obtained  using  a  pin  technique  in  conjunction  with  a 
high  explosive  system.  These  techniques  are  explained  in  detail  in  the 

Plate  1  is  a  photograph  of  a  typical  specimen  for  both 

systems . 

Material  Description 

2.  a.  Core  No.  1  -  Laramie. 

(1)  Rock  type:  soda  diorite. 

(2)  Piece  number  and  depth:  10  and  11;  59  to  /0  ft. 

(3)  Density:  2.71  g/cc. 

(4)  Remarks:  Grains  were  large  (up  to  1/2  in.)  and  non- 
unifor-n  in  size. 

b.  Core  No.  2  -  CR-42. 

(1)  Rock  type:  granite. 

(2)  Piece  number  and  depth:  10  and  11;  85  to  87  ft. 

(3)  Density:  2.54-2.57  g/cc. 

(4)  Remarks:  Large  quartz  crystals  throughout  specimen. 


c.  Core  No.  3  -  CR-10. 

(1)  Rock  type:  gneiss. 

(2)  Piece  number  and  depth:  3  and  4;  55  and  59  ft. 

(3)  Density:  2.57-2.70  g/cc. 

(4)  Remarks:  Large  quartz  crystals  throughout  specimen. 
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a.  Five  tests  were  conducted  on  the  Laramie  core.  SAMSO 
No.  2  and  No.  5  were  tested  at  pressures  of  approximately  4. >  and 
U.2  kilobars,  respectively.  The  rise  times  of  the  particle  velocity- 
time  records  ranged  from  0.9  to  1.5  microsec.  SAMSO  No.  3  was  tested 
at  a  pressure  of  approximately  18.8  kilobars  with  particle  velocity¬ 
time  rise  times  of  0.51  to  0.59  microsec.  SAMSO  No.  4  was  tested  at 
a  pressure  of  approximately  31.7  kilobars  and  had  rise  times  of  0.41 

to  0.9  microsec.  SAMSO  No.  15  was  tested  at  a  pressure  of  approximately 
43.4  kilobars  and  had  a  rise  time  of  approximately  1.2  microsec. 

b.  Figures  1  and  2  show  the  pressure-particle  velocity  and 
pressure-strain  relationship  obtained  from  the  five  tests.  Test  Nos.  3, 

4,  and  15  yielded  separate  and  distinct  curves.  The  data  from  tests  2 
and  5  were  essentially  the  same  and  are,  therefore,  plotted  as  one  set 
of  data.  Since  the  grains  were  large  (up  to  1/2  in.)  and  nonuniform 

in  size,  a  great  amount  of  material  scatter  was  expected  which  would 
yield  a  considerable  scatter  in  the  data.  However,  the  scatter  should 
not  be  large  enough  to  yield  curves  with  as  large  a  separation  as 
indicated  by  tests  3  and  4.  Material  scatter  could  possibly  account 
for  the  difference  between  tests  4  and  15.  It  is  believed  that  possibly 
interface  slippage  is  occurring  in  the  lower  pressure  tests  due  to  the 
large  grain  size  causing  lower  shock  velocities  and,  consequently,  a 
lower  pressure-particle  velocity  relationship.  The  shock  velocity  was 
less  than  the  sonic  velocity  for  tests  2,  3,  and  5.  Most  of  the  records 
from  these  tests  indicated  some  degree  of  instability.  Apparently,  tests 
4  and  5  were  conducted  at  pressures  above  this  unstable  region;  therefore, 
the  shock  velocity  was  greater  than  the  sonic  velocity  and  increased  with 
oressure. 
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c.  The  Peak  pressure  point  from  tests  4  and  15  are.  shown  on 
figures  7  and  8  along  with  the.  high-pressure  test  points.  From  an 
extrapolation  of  these  points,  it  appears  that  the  Hugoniot  elastic 
limit  is  around  50  kilobars,  although  this  was  not  determined. 

4.  CR-42  (granite). 


a.  Three  low-pressure  tests  were  conducted  on  cores  from 
CR-42.  Peak  pressures  of  9.5,  11.9,  and  21.1  kilobars  were  obtained 
in  SAMSO  Nos.  5,  7,  and  8,  respectively.  The  rise  times  of  the  particle 
velocity-time  records  ranged  from  0.5  to  0.8  microsec.  The  large  quartz 
crystals  caused  considerable  noise  on  the  oscilloscope  records  (piezo¬ 
electric  effect)  which  made  the  data  reduction  rather  difficult.  However, 
the  reduced  data  from  the  three  tests  plotted  essentially  as  one  line  on 
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Warren  Siting  Area:  Sorias  HI  Tests 


*he  nressure-particl  e  velocity  (figure  3)  and  pressure-strain  (figure  4) 
plots,  ""he  data  indicate  that  the  shock  wave  in  the  material  is  stable 
to  21  kil chars.  Higher  pressures  were  reached  with  the  air  gun;  however, 
the  noisy  oscilloscope  records  made  data  reduction  above  21  kilobars 
virtually  impossible.  It  is  believed  that  this  problem  can  be  overcome  j 
jfl  future  tests  of  materials  containing  large  quartz  crystals.  [ 

b.  The  peak  pressure  point  from  test  No.  ft  is  shown  on  figures 
1  and  10  along  with  the  high-pressure  test  points.  Extrapolation  of  the 
high-pressure  points  indicates  that  the  Hugonint  elastic  limit  is  around 
v)  1  i lobar s. 


■>.  CM- 10  (gneiss). 

a.  Three  low-pressure  tests  were  conducted  on  cores  from 
CR-10.  Peak  pressures  of  approximately  9.1,  29.0,  and  19.6  kilobars 
were  obtained  in  SAMSO  Nos.  11,  12,  and  14,  respectively.  The  rise 
ti'-’es  of  the  particle  velocity-time  records  ranged  from  0.2  to  1.2  micro¬ 
sec.  These  specimens  also  had  large  quartz  crystals  throughout;  however, 
the  noise  was  not  as  significant  as  for  the  CR-42  cores.  Figures  5  and 

6  are  plots  of  pressure-particle  velocity  and  pressure-strain  for  this 
material.  As  can  be  noted  from  these  plots,  there  is  considerable 
scatter  ir.  the.  data.  Tt  is  not.  quite  as  severe  as  for  the  Laramie  core., 
and  most  of  it  can  probably  be  due  to  material  scatter  or  nonhomogeneity 
of  the  material. 

b.  Test  Nos.  12  and  14.  showed  a  definite  second  wave  forming 
at  approximately  18-19  kilobars  indicating  some  sort  of  yielding.  There 
is  sor.e  question  as  to  whether  or  not  this  is  t*.  Hugoniot  elastic  limit 
since  this  second  wave  is  evidenced  only  on  the  second  induction  wire  of 
each  test.  Since  the  first  induction  wire  did  not  exhibit  two  waves, 
there  is  possibly  more  error  associated  with  the  second  wave  peak  amplitude 
data  ooint  for  test  14  shown  on  figures  5  and  6  than  for  the  other  points 
shown.  Plate  2  is  a  photograph  of  the  second  induction  wire  oscilloscope 
record  of  test  12  showing  the  two-wave  structure. 

c.  A  test  was  also  conducted  on  this  material  in  which  a  quartz 
crystal  was  placed  on  the  back  of  a  7.44-mm-thick  specimen  and  impacted 
with  a  projectile  having  a  velocity  of  approximately  1100  fps.  The 

nut  nut  of  the  quartz  also  indicat  e.d  a  two-wave  structure  with  the  first 
wave  having  an  amplitude  of  approximately  18  kilobars. 

d.  The  peak  pressure  points  of  first  and  second  waves  from 
test  No.  12  are  plotted  on  figures  11  and  12  along  with  the  high-pressure 
test  points.  Extrapolation  of  the  high-pressure  points  seems  to  confirm 
a  low  Hugoniot  elastic  limit  although  the  data  point  around  90  kilobars 
has  the  largest  uncertainty  associated  with  it  and,  therefore,  would 
influence  the  point  of  intersection  of  the  two  curves. 


m 

1 


40 


5.  Three  data  points  were  determined  on  cores  from  the  Warren 
Siting  Area  at  three  pressures  as  shown  in  table  1.  Since  existing 
granite  data  showed  a  precursor  shock  of  around  50  kilobars,  some 
alteration  to  the  standard  nin  technique  was  necessary  to  prevent  a 
precursor  from  shorting  the  time  of  arrival  pins  Prior  to  the  arrival 
of  the  main  shock  wave.  This  was  accomplished  by  providing  a  known 
gap  or  standoff  distance  for  the  shock  velocity  pins  to  allow  for  the 
motion  due  to  the  precursor.  Therefore,  the  shorting  times  of  the  pins 
correspond  to  the  velocity  of  the  main  shock.  This  technique  requires 
an  assumption  of  the  precursor  shock  level  since  no  provision  is  made 
for  measuring  the  elastic  free  surface  velocity. 

7.  A  simple  computer  program  was  used  to  compare  the  influence 
of  the  assumed  precursor  level  on  reducing  the  experimental  data  to 
the  final  data  points.  The  precursor  levels  used  ranged  from  50  to 
SO  kilobars  as  shown  in  table  2  for  soda  diorite.  These  computations 
did  not  utilize  a  least  squares  fit  of  the  experimental  Doints  and, 
therefore,  do  not  extrapolate  exactly  to  the  final  data  in  table  1. 

This  assumption  has  a  negligible  effect  on  the  two  higher  pressure 
tests,  but  is  more  Pronounced  on  the  data  points  at  approximately 

100  kilobars  since  this  level  is  approaching  the  possible  range  of 
the  precursor  pressure. 

8.  The  elastic  precursor  shock  velocities  as  determined  on  the 
two  higher  pressure  tests  were  used  in  the  data  reduction  on  all  three 
tests.  Some  difference  in  the  elastic  precursor  shock  velocities  is 
noted  between  these  and  the  lower  pressure  air  gun  experiments;  however, 
this  is  reasonable  considering  the  large  difference  in  peak  pressure 
attained  in  the  respective  tests. 

9.  These  data  points  are  shown  in  graphical  form  in  figures  7 
through  12  along  with  an  approximate  fit  throughout  the  pressure  range. 

Discussion 

10.  Equation  of  state  data  on  polycrystalline  rocks  typically  show 
significant  scatter;  for  example,  the  work  by  Stanford  Research  Institute.* 
The  precursor  level  ranged  from  2S  to  58  kilobars  for  anorthosite. 
Additional  data  points  would  thus  be  desirable  for  the  rocks  tested  and 
would  increase  the  confidence,  h^vel  of  a  curve,  fitted  to  the  data  for  use 


♦  Ahrens,  T.  .T.,  Rosenberg,  J.  T. ,  and  Rudeman,  M.  H.,  "Pynanic  Properties 
of  Rocks,"  DASA  1858,  30  Se.Pte.mber  1955,  Stanford  Research  Institute. 
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Warren  Siting  Area:  Series  Til  Tests 


in  fr.:e-field  codes.  The  assumption  of  a  precursor  level  for  these 
rocks  is  not  considered  to  be  s  i  gnificant  except  at  final  pressures 
of  around  100  kilobars;  however,  an  extension  of  the  pin  technique 
is  !»‘in;'  Proof  tested  for  use  in  two-wave,  regions  which  should  eliminate  * 
the  necessity  of  this  assumption  providing  simultaneous  measurements  i 
■>n  hMh  shoe’--  waves. 


11.  Since  in  this,  region  the  second  vavp  travels  at  subsonic 
velocity  depending  on  pressure,  nrovisinn  must  be  made  for  measuring 
this  velocity.  In  addition,  the  locus  of  the  Hugouiot  elastic  limit 
-mis!  be  '  noun  in  order  to  calculate  the  final  Hngoniot  point. 


12.  The.  magnitude  of  four  variables,  namely,  elastic  precursor 
and  second-wave  shoe-'  velocity  and  precursor  and  second-wave  particle 
velocity,  must  be  determined  experimentally.  The  method  to  be  used 
incorporates  the  principles  of  the  inclined  mirror-high-speed  photography 
method  modified  to  the  use  of  self-shorting  pins  and  presently  used 
electronics. 


13.  The  necessary  data  will  be  obtained  as  follows.  One  set  of 
pins  will  be  used  to  determine  precursor  velocity  based  on  transit  time 
through  the  sample.  When  the  precursor  overtakes  the  sanple  free  surface, 
this  surface  is  accelerated  to  velocity  U£>s  .  This  free  surface 
motion  will  be  measured  by  a  portion  of  a  group  of  pins  placed  at  small 
incremental  distances  from  the  surface.  As  the  second  shock  eventually 
overtakes  the  free  surface  traveling  at  Uf_  s, j  ,  it  accelerates  the 
free  surface  to  velocity  uf„s  of  which  this  free  surface  notion  will 
be  measured  by  the  remainder  or  the  free  surface  pins.  On  an  x-t  plot 
the  free  surface  velocities  will  intersect  at  the  point  that  represents 
the  arrival  of  the  second  wave,  at  the  free  surface.  This  x,  t  point 
yields  the  shock  velocity  of  the  second  wave.  The  impedance  mismatch 
method  is  used  to  calculate  the  necessary  Hugnniot  information  remaining 
based  on  these  experimental  data. 


13.  A  high  explosive  flying  plate  technique  is  being  proof tested 
and  should  enable  the  Waterways  Experiment  Station  to  extend  the 
capability  of  this  system  by  several  hundred  kilobars. 


15.  The  compressed-air  gun  system  and  techniques  are  continually 
being  modified  to  enhance  the  research  capability  of  the  system.  The 
projectiles  are  being  modified  to  aid  in  increasing  the  maximum  velocity 
capability  and,  therefore,  increasing  maximum  pressure  capability. 
Proicctile  velocities  are  being  measured  more  accurately.  A  technique 
for  measuring  planarity  of  impact  is  being  investigated.  An  investigation 
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is  being  conducted  to  determine  the  feasibility  of  sputtering  or 
vacuum  deposition  of  a  thin  film  to  replace  the  small  induction  wires. 
Also,  the  technique  of  using  quartz  gages  to  measure  or  monitor  the 
pressure-time  profile  in  rock  specimens  is  being  investigated. 


Summary 


Equation  of  state  tests  were  performed  on  three  cores  from 
e  arren  Siting  Area.  A  minimum  of  three  low-pressure  tests  (pres- 

e!!rUn  i?f  5ha"  40  kilobars)  and  three  high-pressure  tests  (pressures 
to  430  kilobars)  were  conducted  on  each  core.  The  techniques  and  test 
equipment  used  in  these  tests  are  explained  in  the  addendum  hereto.  ' 


a..  A,U  three  C.°res  were  susceptible  to  considerable  data  scatter 

due  to  the  large  gram  and  material  nonhomogeneity.  he  Laramie  and 
CR-42  core  had  Hugoniot  elastic  limits  of  50  kiloba.  or  more.  The 
CR-10  core  had  an  elastic  limit  of  approximately  20  kilobars.  The 
Laramie,  CR-42,  and  CR-10  cores  had  elastic  wave  velocities  of  approxi- 
ma  e  y  .  ,  .3,  and  5.5s,  respectively.  The  second  wave  velocity 

of  course,  is  dependent  upon  the  final  pressure  level  attained  in  the 
material . 


18.  A1 1  ^hree  high-pressure  tests  for  each  material  reached  a 
in al  state  which  was  still  in  the  unstable  or  multiple  wave  region 
wit.:  the  exception  of  possibly  the  highest  pressure  test  for  CR-10. 

h  s  particular  data  point  appears  to  have  just  exceeded  the  multiple 
wave  region.  y 
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Shock  Pressure,  kilobars 


PRESSURE  VS  STRAIN 
SAMhO  CR-U2 


Pressure  (P),  kilobars 
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ADDENDUM:  DESCRIPTIONS  OF 


SYSTEM  FOR  STUDYING  THE  SHOCK  RESPONSE  OF  ROCK  AND 
OTHER  NONFERROMAGNETIC  MATERIALS  AT  PRESSURES  BELOW  40  KILOBARS 


SYSTEM  FOR  THE  DETERMINATION  OF  THE  HUGONIOT 


EQUATION  OF  STATE  OF  ROCK  AND  GROUT 
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System  for  Studying  the  Shock  Response  of  Rock  and 
Other  Nor,  f  error, ngnet ic  Materials  at  Pressures  Below  UP  Kiiobars 


1.  The  Waterways  Experiment  Station  (WES)  has  developed  a  system  i 

i 

for  continuous  measurements  of  both  the  velocity  of  propagation  of  a 
shock  wave  and  particle  velocities  in  rock  and  other  nonferromagnetic 
materials  from  the  passage  of  a  shock  wave  produced  by  a  flat-plate 
impact,.  A  stress-strain  relationship  is  deduced  from  the  wave  and 
particle  motion  data.  The  system  has  an  upper  limit  of  approximately 
hO  kiiobars. 

2.  The  experimental  method  is  primarily  based  on  a  technique  used 

by  Frasier  and  Karpov  for  directly  measuring  the  particle  velocity  in 

a  material.  In  this  technique  a  fine,  wire  is  embedded  in  the  material 
% 

and  placed  in  a  magnetic  field.  Any  subsequent  movement  of  a  portion 
of  the  wire  which  cuts  the  magnetic-flux  lines  produces  an  electromotive 
force  (e)  proportional  to  the  instantaneous  velocity  as  shown  in  the 


following  equation: 


where 


e  =  P 1  v 


j)  =  the  magnetic  field  strength, 

1  =  the  length  of  wire  cutting  the  flux  lines, 
v  =  the  velocity  of  the  wire  (particle  velocity). 

3.  Several  wires  are  placed  in  a  test  specimen  and  the  voltages 
monitored  on  oscilloscopes  and  recorded  on  photographs.  The  velocity 
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of  oronagation  can  be.  detenn:ned  from  the  initial  rises  of  the  voltage 
signals  from  the  induction  wires. 

U.  The  specimen  is  mounted  at  the  end  of  the  compressed-air  gun 
barrel  in  a  magnetic  field  and  the  barrel  evacuated  to  approximately 
15  microns.  The  stress  waves  will  be  produced  by  impacting  the  speci¬ 
mens  with  an  aluminum  projectile.  Impact  velocities  can  be  obtained 
up  to  1200  ft/sec. 


5.  The  final  state,  behind  the  stress  wave  is  determined  by  the 
application  of  the  conservation  equations.  Conservation  of  mass  and 


momentum  across  the  shock  front  requires  that: 
?o  us  =  ?!  <vs  ~  «nl> 


where 


(Conservation  of  mass) 


PQ  ♦  oo  Us2  =  pi  ♦  pi  <US  -  Upl>2  (Conservation  of  momentum) 


Us  =  shock  velocity, 

U„i  =  ©article  velocity  behind  the  shock  wave, 
P_  =  initial  pressure. 


P(>  =  initial  density 


the.  pressure  behind  the  shock  wave 


and  the  corresponding  strain 


Pl  =  po  Us  Upl  +  Po 
•1  *  1  '  Pc/Pl  =  V*. 


These  equations  are  based  on  the  assumption  that  an  equilibrium  state  of 
stress  is  reached  behind  the  shock  wave.  In  this  simple  form,  they  are 
valid  only  in  the  region  of  uniaxial  strain.  These  equations  correspond 
to  the.  Hugoniot  or  the  locus  of  shocked-end  states  reached. 
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-mmi 


25  January  196S 


Svsto'!  for  the  Date.-:: nation  of  .-lu-^oniot 
Ecaation  of  SL’ate  of  \ock  r.r.:i  C-rc-ut 


The  Waterways  Experiment  Station  (WES)  has  th;-  facility  and  capability  | 

t 

to  no  .'.or..'.  Kugoaiot  eeuatior.-of- state  studies  for  roclc  and  rock-matc.hing 

grout  over  the  pressure  range  of  oO  to  500  kilobars.  A  number  of  shock-  t 

indicating  pins  are  embedded  in  the  specimen  to  measure  the  shock-wave  ,  t 

1 

velocity  and  another  group  is  arranged  over  the  free  surface  of  a  driver  : 

k 

,  i 

plate  of  knox.’n  equation  of  state  to  measure  the  free-surface  velocity.  ? 

When  these  pins  are  struck  by  a  shock,  fast-rising  pulses  are  produced  [ 

'  i 

which  are  displayed  on  high-speed  oscilloscopes.  The  shock  is  orocuced  in  ? 

the  material  using  an  explosive  system  consisting  of  a  plane-wave  lens  and  ' 

; 

a  high-explosive  charge.  The  shock  and  free-surface  velocities  are  derived  > 

■  :  ► 

•  f 

from  the  known  pin  spacing  and  the  arrival  tiroes  of  the  pulses  as  taken  ► 

from  the  oscilloscope  traces.  Using* the  velocity  data,  the  pressure  and 

[ 

specific  volume  can  be  computed  by  means  of  the  Uankine-Kugoniot  equations.  \ 

■  _  p 

In  the  test  system,  the  pins  which  serve  as  the  shock-arrival  indicators  ‘ 

comprise  an  outer  coaxial  conductor  and  an  inner  conductor,  and  have  a  cap  > 

on  one  end  and  a  shielded  cable  on  the  other.  The  shock  wave  closes  the  F 

pin  by  compressing  the  cap  against  the  inner  conductor,  producing  a  short  £ 

circuit  which  discharges  a  resistor-capacitor  (RC)  combination  in  the  pulse-  | 
.coming  network.  Each  RC  combination  is  given  one  of  two  polarities  and  I 

pulse  heights,  and  any  om  of  four  decay  times  to  allow  identification  of  a  | 

particular  pin.  The  outputs .from  RC  networks  are  recorded  on  high-speed 
oscilloscopes.  I 
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If  the  ambient  density,  shock  velocity,  and  particle  velocity  are 
known,  the  pressure  and  specific  volume  of  the  shocked  specimen  can  be 
determined  from  the  following  equations: 

?1  =  eo  Un  th 


Vi/Vo  =  1  -  u3/u0 


where 


Us  =  the  velocity  of  the  shock  wave 

Up  =  the  particle  velocity 

eQ  =  the  density  of  the  ambient  material 

V0  =  l/t0  =  the  specific  volume  of  the  ambient  material 

Vj,  =  1/e^  =  the  specific  volume  of  the  material  behind  the  shock 
front 

The  shock  velocity  is  determined  directly  by  embedding  pins  at  known  dis¬ 
tances  in  the  specimen;  these  distances,  along  with  the  arrival  times,  can 
be  used  to  compute  the  velocity. 

The  particle  velocity  is  indirectly  inferred  from  the  free-surface 
velocity  of  the  driver  plate.  This  approximation  is  derived  on  the  basis 
of  the  interaction  of  the  shock  wave  with  the  rarefaction  wave  which  is 
formed  at  the  free  surface  and  which  propagates  back  into  the  shocked 
specimen.  This  interaction  causes  the  free  surface  to  move  with  a  velocity 
which  is  the  sum  of  the  particle  velocity  of  the  shock  and  the  particle 
velocity  of  the  rarefaction  wave.  It  has  been  shown  that  the  two  particle 
velocities  are  very  nearly  equal;  hence,  the  particle  velocity  of  the  shock 
can  be  approximated  by  taking  one-half  the  value  of  the  measured  velocity 
of  the  free  surface  (U£s) • 
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Core  No.  1  (Laramie) 


1.  Twenty  pieces  of  core  were  received  from  the  Wyoming  site, 
designated  "Laramie"  core.  Numbers  were,  assigned  as  indicated. 


Sample 


Specimen 

Designation 


Approximate 
Depth,  ft 


2,  The  hole  from  which  the  core  was  ta<en  was  located  in  Albany 
County,  Wyoming,  longitude  105*  26.5',  latitude  41*  31.5',  township 
1RN,  range  72W,  section  23.  All  core  was  drilled  vertically.  Specimens 
were  cut  as  required  for  the  various  tests;  each  segment  of  the  specimen 
was  given  a  letter  designation  signifying  the  section  cut;  for  example, 
specimen  17a  was  the  first  test  piece  cut  from  specimen  17. 


•;nrren  Siting  Area:  Core  No.  1  (Laramie);  Sample  A;  Series  I 


Results 


1.  Only  two  tests  were  conducted  on  sample  A,  one  compressive 
strength  test  and  a  petrographic  examination . 

Compressive  strength 


2.  The  stress-strain  curve  for  the  compressive  strength  test  of 
specimen  17a  is  given  in  plate  1.  A  strength  of  20,100  psi  was 
indicated. 


Petrographic  examination 

3.  Fifteen  feet  of  N*  core  from  three  depths  from  hole  No.  1, 
Project  S-ll,  100,  Albany  County,  Wyoming,  was  received  on  19  March  1969. 
The  core  is  identified  below: 


CD  Serial  No. 

WYO-l  DC-1 (A) 
WY0-1  DC- 1(B) 
WYO-l  DC-1 (C) 


Length ,  1 1 
2 

14.5 

2.5 


No.  of  Fieces 
2 

15 

3 


Depth,  ft 


17.0  -  13.9 
60.5  -  75.0 
150.5  -  1S3.0 


4.  All  of  the  sample  appeared  to  be  homogeneous.  The  petrographic 
sample  was  taken  from  the  18.2-ft  depth  and  was  2.7  in.  long. 

5.  a.  The  2-3/4-in.  core  was  sawed  axially.  One  of  these  sawed 
surfaces  was  polished  and  photographed. 


b.  A  thin  section,  made  from  the  other  half  of  the  piece, 
was  examined  with  a  polarizing  microscope. 


c.  A  composite  sample  of  the  2-3/4-in.  length  was  ground  to 
pass  a  No.  325  sieve.  A  tightly  packed  portion  of  this  powder  was 
examined  by  X-ray  diffractometry  using  nickel-filtered  copper  radiation. 

d.  The  polished  surface  and  fracture  surfaces  were  examined 
with  a  stereomicroscope. 


e.  Some  cf  the  powdered  rock  was  examined  as  an  immersion 
mount  with  a  polarizing  microscope  to  determine  the  refractive  index 
of  the  plagioclase  feldspar. 

•5.  The  material  examined  is  a  medium  dark  gray  (N  4)*  coarse¬ 
grained  igneous  rock  (photograph  1)  composed  largely  of  black  and  green 

*The  Rock  Color  Chart  Committee,  Rock  Color  Chart,  National  Research 
Council,  Washington,  D.  C.,  1948. 
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minerals.  It  is  estimated  that  80  percent  or  more  of  the  rock  is 
plagioclase  feldspar;  there  are  small  amounts  of  chlorite  and  of  other 
greenish  mica  and  even  smaller  amounts  of  calcite,  quartz,  and  opaque 
minerals,  probably  pyrite,  leucoxene,  and  hematite.  Optical  deter¬ 
minations  of  refractive  index  and  of  extinction  angles  indicated  that 
the  composition  of  the  plagioclase  is  about  Abjg  An/m •  an<*  ^ 
therefore  andesine. 

7.  Examination  of  the  thin  section  shows  that  the  rock  suffered 
some  deformation  and  fine  fracturing.  These  fractures  are  now  filled 
with  a  variety  of  materials,  mostly  micaceous.  There  is  no  pyroxene 
nor  any  definite  evidence  that  pyroxene  was  ever  present.  There  are 
scattered  small  patches  of  fine-grained  mica,  chlorite,  carbonate,  and 
opaque  minerals  in  the  rock.  Much  of  the  feldspar  contains  small 
oriented  rodlike  inclusions,  possibly  rutile. 

8.  This  rock  would  be  classified  as  a  soda  diorite  by  the  classifi¬ 
cation  system  of  Shand2  rather  than  an  anorthosite  because  the  feldspar  is 
not  quite  calcic  enough  to  classify  the  rock  as  anorthosite  by  Shand's 
definition.  He  notes  that  soda  diorite  in  his  classification  includes 

the  more  sodic  anorthosites. 

9.  The  core  log  identifies  the  rock  as  noritic  anorthosite  and 
indicates  that  fuchsite,  a  green  chrome  mica,  is  present.  Portions  of 
the  log  for  material  not  sent  to  this  laboratory  indicate  the  presence 
of  pyroxene  crystals  up  to  2  in.  in  size.  The  term  noritic  indicates 
pyroxene;  there  was  no  detectable  pyroxene  in  the  sample  examined.  We 
aid  not  attempt  to  confirm  the  presence  of  fuchsite,  but  much  of  the 
green  color  in  the  rock  is  accounted  for  by  chlorite. 

10.  The  petrographic  data  in  this  report  refer  only  to  the  2-3/4-in. 
length  of  core  which  was  examined.  A  quick  visual  inspection  of  the 
19  ft  of  core  received  indicated  that  it  was  homogeneous.  However,  there 
is  no  assurance  that  the  material  examined  is  typical  of  all  the  core, 
especially  if  2-in.  pyroxene  crystals  are  actually  present  in  some  of 
the  core. 


.t 
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Conclusions 

11.  Sample  A,  apparently  representative  of  the  whole  core,  yielded 
a  slightly  lower  compressive  strength  on  the  one  specimen  tested,  but  the 
difference  is  not  significant.  The  rock  was  identified  as  soda  diorite. 

2S.  J.  Shand,  Eruptive  Rocks ,  3d  edition,  John  Wiley  k  Sons,  New  York, 

N.  Y. ,  1947. 
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Results 

Schmidt  number,  specific  gravity,  porosity 

12.  Three  samples  were  selected  for  the  basic  identification  tests, 
relative  hardness,  specific  gravity,  and  porosity.  Results  are  given 
be  1  ow : 


Schmidt 


Core 

Rebound 

Number 

Standard 

Deviation 

Specific 

Gravity 

7>  Porosity 

8a 

48.9 

2.46 

2.715 

0.0 

8b 

50.3 

2.70 

2.715 

0.0 

9 

51.1 

2.83 

2.728 

0.0 

Avg 

50.1 

2.66 

2.720 

0.0 

Marble3 

2.87 

0.6 

Granite-* 

— 

2.66 

0.9 

Sandstone3 

-- 

— 

2.06 

1«.0 

Examination  of  the  data  reported  by  Obert3  reveals  that  the  Laramie  core 
is  roughly  comparable  to  a  typical  granite. 

13.  An  extensive  study  of  rock  properties  and  tests  by  Deere  and 
Miller*1  indicated  a  good  correlation  could  be  obtained  between  the 
compressive  strength  and  the  Schmidt  number  when  the  unit  weight  (specific 
gravity)  was  taken  into  consideration.  The  above  data,  plotted  in  fig.  1 
as  a  circled  dot,  agree  quite  well  with  the  aforementioned  work. 

Tensile  and  shear  tests 


14.  Tensile  'ests  were  conducted  by  the  indirect,  or  tensile 
splitting,  method.  Two  series  of  single  plane  shear  tests  were  conducted, 
one  utilizing  the  standard  NX  size  shear  blocks  (2.38  in.  in  diameter)  and 
one  utilizing  smaller  blocks  (2.12  in.  in  diameter)  fabricated  for  the 
small  core  (1.84  in.  in  diameter).  Results  are  given  below: 

3  ‘  "  1  - . — - — - 

Obert ,  Leonard,  and  Duvall,  W.  I.,  Rock  Mechanics  and  the  Design  of 

Structures  in  Rock,  1st  editio  John  Wiley  &  Sons,  New  York,  N.  Y. ,  1967.  I 

**Deere,  D.  U.,  and  Miller,  R.  P.t  "Engineering  Classification  and  Index  i 

Properties  for  Intact  Rock,"  Technical  Report  No.  AFWL-TR-65-116 ,  f 

University  of  Illinois,  Dec  1966.  f 
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Strength,  psi 


3a  Tensile  1370) 

3b  Tensile  1420)  1400 

3c  Tensile  1410) 

5a  Shear  (2.38-in.  diameter)  1770) 

5b  Shear  (2.38-in.  diameter)  2070)  1990 

5c  Shear  (2.38-in.  diameter)  1830) 

4a  Shear  (2.12-in.  diameter)  2330) 

15a  Shear  (2.12-in.  diameter)  2080)  2420 

15b  Shear  (2.12-in.  diameter)  2860) 

Examination  of  the  tensile  strength  data  reported  by  Wuerker'*  reveals 
that  the  tensile  strength  of  the  Laramie  core  is  comparatively  high 
due  possibly  to  the  indirect  method  of  testing.  The  large  blocks 
yielded  a  rather  low  shear  strength,  indicating  other  stresses, 
probably  including  flexural,  affected  the  results.  Even  the  small 
shear  blocks  yielded  shear  strengths  somewhat  lower  than  the  strength 
determined  in  the  triaxial  test  (2420  versus  3100  psi).  Posttest 
photographs  of  tensile  and  shear  specimens  are  given  in  plates  2  and  3. 

Unconfined  compressive  tests 

15.  Three  conventional  unconfined  and  one  cyclic  unconfined 
compressive  tests  were  conducted.  All  specimens  had  two  vertical  and 
two  horizontal  electrical  resistance  strain  gages  affixed  in  order  to 
measure  strain  during  testing.  Stress-strain  curves  fci  the  conventional 
tests  are  given  in  plates  4,  5,  and  6.  The  average  strength  was  21,700  psi 
for  the  conventional  tests. 

18.  The  cycled  specimen  was  unloaded  at  5000  psi  intervals,  but  no 
hysteresis  was  detected  until  unloading  at  20,000  psi  (plate  7).  The 
small  amount  of  hysteresis  indicates  that  the  Laramie  rock  is  a 
comparatively  "stiff"  material. 

17.  The  average  strength  for  the  three  cyclic  tests,  one  each  from 
samples  A,  B,  and  C,  was  21,500  psi.  The  average  strength,  standard 
deviation,  and  coefficient  of  variation  for  all  unconfined  compressive 
tests  were  21,580  psi,  490  psi,  and  2.3  percent,  respectively.  Statistically, 
the  variability  is  extremely  small  for  a  material  such  as  rock.^  One 
specimen.  No.  7a,  experienced  a  premature  slippage  along  a  healed  fracture. 

5Wuerker,  R.  G. ,  "The  Shear  Strength  of  Rocks,"  Mining  Engineering,  vol  11, 
Oct  1959. 
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-t 

i-  though  the  fracture  had  little  apparent  effect  on  the  results  of  this 

t  i-ticular  specimen,  such  fractures  could  affect  strength  and  deforma- 

f  .:?n  properties  on  subsequent  tests.  Posttest  photographs  of  the 
I  ^--.pressive  test  specimens,  plate  8,  shew  evidence  of  vertical  splitting, 
^  r.'ten  prevalent  in  compressive  tests  of  brittle  material. 
i- 

?  ^siuli  of  :eformation 

I 

J  18.  Young's  modulus,  shear  modulus,  bulk  modulus,  and  Poisson's 

I  ratio  were  computed  on  three  samples  by  the  dynamic^  (fundamental 
£  frequency)  method  and  on  the  six  unconfined  compressive  strength 
t  jpeciraens  statically  using  theory  of  elasticity.  Results  are  given 
r  below: 


^als 

?h 


gth 
pd  3. 


md 

to 

tional 
[,700  psii 


Core 

Wo. 

Young’s  Modulus 
of  Elasticity, 
psi  x  lO* 

Shear  Modulus 
(Modulus  of  Rigidity) 
psi  x  106 

Bulk 
Modulus, 
psi  x  106 

Poisson's 

Ratio 

Dynamically 

10 

11.91 

4.90 

7.09 

0.22 

12 

11.56 

4.54 

8.38 

0.27 

14 

12.04 

4.70 

9.12 

0.28 

Statical iy 

7a 

11.75 

4.56- 

9.18 

0.24 

7b 

11.71 

4.32 

9.28 

0.30 

7c 

11.12 

4.43 

7.63 

0.26 

10a 

12.50 

4,88 

9.52 

0.25 

17a* 

9.00 

3.52 

4.64 

0.28 

20a** 

11.58 

4.55 

8.52 

0.25 

Avg 

11.77 

4.51 

8.59 

Off 

pt  no 
he 


*  From  sample  A;  deleted  from  average. 
**  From  sample  C. 
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A  cursory  examination  of  the  results  reveals  that  correlation  between 
the  two  methods  is  good.  Therefore,  the  average  values  given  may  be 
considered  representative  for  the  deformation  properties  of  the  core. 

Velocity  measurements 

19.  Compressive  and  shear  velocities  were  measured  on  three 
specimens  of  sample  B  as  indicated  below: 


P 

If 
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Core 

No. 

Compressional 
Pulse  Velocity, 
fP*_ 

Shear 

Velocity 

fps 

10 

19,765 

11,485 

12 

19,500 

11,095 

14 

20 , 100 

11,235 

Avg 

19,790 

11,270 

The  compressional  velocity  was  determined  directly  as  the  sonic 
propagation  velocity,  and  the  shear  velocity  was  determined  from  the 
torsional  frequency  obtained  in  the  noduli  determinations.  The  shear 
velocity  is  approximately  57  percent  of  the  compressional  velocity, 
which  is  a  reasonable  percentage  for  most  rocklike  materials. 

Warren  Sitin'*  Aren:  Core  ;:o.  1  (Laramie):  Sample  Ct  Series  1 


Results 


20.  Only  one  tent:,  a  compressive  strength  test,  mas  conducted 
on  sample  C.  Toe  specimen,  from  a  depth  of  153  ft,  had  a  compressive 
strength  of  22,300  ?si.  The  stress-strain  curve  is  given  in  plate  9. 

Conclusions 

21.  The  compressive  strength  is  approximately  equal  to  the  strength 
of  specimens  at  the  other  depths;  therefore,  the  roch  apparently  is 
rather  homogeneous  throughout  the  interval  tested. 
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Results 


Hydrostatic  compression 


22.  Hydrostatic  compressive  tests  were  conducted  on  three  speci¬ 
mens,  one  each  to  pressures  of  8000,  20,000,  and  36,000  psi.  The 
jpecinens  were  prepared  in  a  manner  similar  to  the  unconfined  compressive 
tests  except  that  1/2-in.  foil  gages  affixed  with  epoxy  were  utilized 
rather  than  wire  gages.  Tests  on  a  steel  specimen  and  literature" 
indicated  negligible  effects  of  confining  pressure  on  foil  strain  gages. 
Stress-strain  curves  for  the  horizontal  and  vertical  deformations  for 
the  three  tests  are  given  in  plates  10-15.  Utilizing  the  results  of 
the  best  three  loading  cycles,  the  bulk  modulus,  K,  was  computed  from 
the  relation: 


«1  +  e2 


where : 


o  =  hydrostatic  stress 


=  vertical  strain 

e2  ~  e3  ~  hor*zontal 

Specimen  Maximum 

No.  Stress,  psi 


Bulk  Modulus, 
K,  psi 


(Strengtr 

W 


8,000 

20,000 

36,000 


11.19 

8.39 

9.77 


The  bulk  moduli  agree  quite  well  with  the  dynamically  determined  moduli 
except  for  specimen  No.  14d.  The  unusually  high  result  may  be  due  to 
testing  error.  The  erratic  behavior  of  the  horizontal  gages  on  specimen 
14a  during  the  first  loading  cycle  is  believed  to  be  due  to  seating  of 
the  gages  rather  than  actual  deformation  of  the  specimen. 

Triaxial  compression 

23.  Triaxial  tests  were  conducted  on  the  same  specimens  utilized 
for  the  hydrostatic  tests  at  confining  pressures  equal  to  the  hydrostatic 
pressures  previously  applied.  Stress-strain  curves  are  given  in  plates 
16,  17,  and  18.  Young’s  modulus,  computed  as  the  initial  tangent,  and 
Poisson’s  ratio  are  given  below: 


sMilligan,  R.  V.,  "The  Effects  of  High  Pressure  on  Foil  Strain  Gages,' 
Experimental  Mechanics,  4  (2),  25-36,  1964. 
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Specimen 

No.  n3»  E,  psi  x  ICr  Ratio 

14d  ‘  8,000  13.5  0.33 

14a  20,000  11.0  0.31 

2a  36,000  12.0  0.29 

The  results  are  not  significantly  different  from  those  obtained  in  the 
unconfined  compressive  tests. 

24.  The  Mohr’s  circles  for  the  lower  stress  range,  given  in 
plate  19,  indicate  an  unconfined  shear  strength  of  approximately 
3100  psi.  The  circles  for  all  tests  are  given  in  plate  20.  The 
envelope  is  apparently  straight  line  up  to  the  20,000  psi  confining 
pressure  level  at  an  angle  of  41.5  deg  and  then  assumes  a  curvilinear 
relationship  with  increased  confining  pressure;  however,  pronounced 
shear  planes  developed  in  the  specimen  tested  at  8000  and  20,000  psi 
confining  pressure,  and  initial  failure  occurred  along  a  crystal  face 
in  the  36,000  psi  test  specimen.  Thus,  the  curvature  of  the  envelope 
may  be  due  to  premature  yielding  along  the  crystal  interface.  Pre- 
and  posttest  dimensions  for  the  20,000  and  36,000  psi  tests  are  given 
in  plates  21  and  22,  respectively.  Posttest  photographs  are  given  in 
plate  23. 

2  5.  The  compressional  wave  velocity  was  recorded  during  test  to 
failure  of  two  specimens,  2a  and  14d.  The  results  in  plates  15  and  17 
indicate  that  the  velocity  increases  initially  under  load  probably  due 
to  closure  of  small  cracks  and  then  remains  rather  constant  up  to 
failure. 

Confined  compression 


E,  psi  x  10 


Poisson’s 

Ratio 


26,  Confined  compression  tests  were  conducted  on  two  specimens 
prepare!  essentially  as  the  triaxial  test  specimens.  Confining  pressure 
was  applied  to  prevent  lateral  straining  as  axial  load  was  applied  by  the 
piston.  Therefore,  a  pseudo  one-dimensional  state  of  stress  was  induced, 
from  which  can  be  computed  a  constrained  modulus.  The  axial  stress-strain 
curves  are  given  in  plates  24  and  25,  The  lateral  stress  required  to 
maintain  a  condition  of  no  lateral  strain  is  given  on  the  far  left  of  the 
curves, 

27,  The  constrained  modulus,  Mc,  may  be  computed  from  theory  of 
elasticity; 

c  (1+u)  (l-2u) 


-  where; 


E  =  Young’s  modulus 
u  =  Poisson's  ratio 


■  ,,1-xir  li  Mu' 


l.'arren  Sit  in"  Area;  Coes  !?o.  1  (Laramie);  Sr.mli  Series  II 

/L 

•'sinS  the  results  frcri  the  triaxiai  tests  (2  -  12.2  x  10°  psi:  u  =  0.31), 
!v.,  constrained  modulus  theoretically  would  average  15.9  x  10®  psi.  The 
"cn3trnined  moduli  computed  as  the  initial  tangent  to  the  stress-strain 
corves  are  17.0  x  10^  and  15.5  ::  10°  ?si  for  specimens  la  and  14c, 
rcipectively.  Goo!  correlation  is,  therefore,  indicated  between  the 
theoretical  and  experimental  results. 


m  the 


Conclusions :  Lara.  .i 3.2  Core 


2  8.  The  Laramie  core  is  a  rather  brittle  material  classified  a3 
soda  diorite  with  nr.  estimated  SO  percent  of  the  rock  plagioclase  feldspar. 
Consensus  results  of  some  physical  properties  include:  compressive 
strength,  21,609  p3i;  Young's  modulus,  11.3  ::  10^  psi;  bulk  modulus,  3.6  x 
1()6  psi;  specific  gravity,  2.72;  cor.iprassionel  vave  velocity,  19,300  fps. 
Ibe  rock  was  very  ha.-.ogeneous  with  depth  for  the  length  sampled  17  to 
150  ft.  The  large  crystal  size,  estimated  to  be  2  in.  or  larger  in  the 
core  log,  apparently  did  not  significantly  affect  the  results.  The 
variations  in  test  proparties  ware  very  small  for  a  material  such  as -rock. 
The  triaxial  tests  indicated  that  the  Mohr’s  envelope  wa3  straight  line 
at  an  angle  of  41.5  deg  up  to  at  least  20,000  psi  confining  pressure. 

The  highest  pressure  available  for  these  te3ts,  36,000  psi,  did  not  allow 
full  definition  of  the  envelope.  Little  hysteresis  was  evident  in  the 
stress-deformation  tests,  indicating  very  little  energy  absorptive 
capacity  for  the  intact  rock. 
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STRESS-STRAIN  CURVE 
Unconfined  Coapreaa.' on 
Laramie  Core 
Specimen  7a 
20,000  psi 


j  NOTE:  Slippage  occurred  along 
a  healed  fractpre  aV 
L  .....  l£^3Q0.psi_.  4. 
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‘WARREN  SITING  AREA 


Core  No.  4  (Hole  CR-19) 

1.  Sixteen  pieces  of  core  were  received  from  the  Warren  area 
on  20  September  1968,  designated  CR-19  core.  Numbers  were  assigned 
as  indicated. 


Specimen 

Approximate 

Sample 

Designation 

Depth,  ft 

A 

1 

14 

A 

2 

16 

A 

3 

17 

A 

4 

18 

B 

5 

83 

B 

6 

84 

B 

7 

85 

B 

S 

85 

B 

9 

86  . 

B 

10 

87 

n 

11 

88 

c 

12 

190 

c 

13 

191 

c 

14 

192 

c 

15 

193 

c 

16 

194 

2.  The  hole  frotn  which  the  core  was  taken  was  located  in  Albany 
County,  Wyoming,  township  19N,  range  72V.',  section  3. 


Warren  Siting  Area:  Core  No.  4  (Hole  CH-19);  Series  I  Tests  * 


Results 


r-etro^ranhic  report 


1.  About  15  ft  of  NX  r  >ck  ro:  ?  from  three  depths  in  hole  CR-19 
wa<<5  received  in  September  1 9'^  For  testing.  The  four  pieces  of  core 
,  WA  for  petrographic  examination  are  identified  below: 


CD  Serial  No. 

S*'iSn-2  DC-4 
SA'lSO-2  DC-4 
SA'lSO-2  r»c-4 
3A'!SO-2  nC-4 


Piece  No. 

1  C‘.''t tom  •  art) 
a 

13  •  ••  narO 

1*  !  'i  jy. 


Depth,  ft 

15. n 
35.  k 
191.0 
1 94  <1 


Length,  ft 


2.  All  of  the  root-  t  ;  coarse-^;.”  r-.-d  but  variati:ns  in  crystal 
size  caused  variations  in  tho  appeal io.  of  the  core.  Pieces  5  through 
15  had  maximum  crystal  size,  while  pieces  1  and  2  had  the  smallest 
crystals  and  pieces  3  and  4  were  intermediate  in  grain  size.  Piece  15 
was  unique  in  that  the  bottom  portion  was  reddish  rock  instead  of  dark 
greenish  gray  rock. 

3.  The  petrographic  work  was  ntr formed  as  described  in  reports 
on  previous  samples  that  have  been  examined  (SAMS0-2  DC-1  through  3). 

4.  The  core  consists  of  coarse-grained  dark-colored  rock  which 
consists  largely  of  plagioclase  feldspar  with  small  amounts  of  biotite 
and  what  is  probably  a  pyroxene  mineral;  there  are  even  smaller  amounts 
of  iron-rich  olivine,  chlorite,  kaolinite,  quartz,  calcite,  magnetite, 
iron  sulfide,  muscovite,  and  possibly  other  unidentified  minerals.  The 
plagioclase  occurs  as  euhedral  phenocrysts;  most  of  these  are  about 

1/2  in.  by  1/15  to  1/8  in.  The  other  minerals  in  the  rock  have  less 
well  developed  crystal  shapes,  except  for  a  feu  plagioclase  crystals 
forming  inclusions  in  pyroxene  or  olivine. 

5.  This  rock  is  classified  as  soda-diorite  rather  than  anorthosite 
because  the  plagioclase  is  andesine  rather  than  a  more  calcic  tvp?.  which 
would  justify  the  name  anorthosite.  The  rock  is  essentially  identical  to 
the  previous  sample  of  soda-diorite  from  hole  l.  Project  S-ll,  100 
(Laranie  core).  The  major  difference  i-  the  rock  from  the  two  holes 

Is  that  the  present  rock  is  not  as  coars.?.  grained.  Photographs  1  and  2 
illustrate  the  appearance  of  this  rock  at  2X  and  at  IX. 

5.  There  is  an  unusually  large  amount  of  magnetite  in  the  lower 
portion  of  piece  lfi  just  above  the  contact  with  the  reddish  rock. 

7.  The  fine-grained,  reddish  igneous  rock  in  piece  15  contains 
potassium  feldspar,  plagioclase  feldspar,  quartz,  mica,  and  kaolinite. 

It  is  a  rock  of  granitic  composition,  different  from  the  soda-diorite 
(photograph  3). 
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Photograph  1.  Sawed  surface  of  piece  8 
of  SAMSO-2  DC-4.  Magnification,  ‘>. 
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Warren  Siting. Area :  Core  No.  4  (Hole  CR-19) ;  Series  I, Tests 


Sl|f 


8.  Seme  of  the  fracture  surfaces  are  coated  with  a  thin  layer 
of  blackish  material .  A  sample  from  the  fracture  ending  piece  13  was 
identified  as  vermiculite. 


9.  Thin  sections  and  ground  surfaces  of  the  rock  examined  in 
polarized  light  or  with  a  stereomicroscope  3how  fairly  extensive 
alteration  of  all  of  the  constituents  except  the  predominant  andesine 
feldspar. 


Schmidt  number,  specific  gravity,  porosity,  and  tensile  strength 


10.  Three  specimens  from  each  depth  interval  were  selected  for 
the*  basic  tests.  Results  are  given  below: 


;  m 


_ Schmidt 

Rebound  Standard  Specific 

Number  Deviation  Gravity 


Sample  A  -  15-ft  Depth 


% 

Porositj 


Tensile;' 

Strength, 

_ E_si _ 


lb 

55.8 

4.16 

2.787 

0.0 

130C 

vtt-s ; 

2b 

51.9 

3.74 

2.864 

0.1 

1070 

||&j 

4a 

54.5 

4.30 

2.811 

0.0 

1030 

W: 

Avg 

54.1 

4.07 

2.821 

0.0 

1130 

Sample  B  -  85-ft  Depth 


2^846 

2.895 

2.887 

2.875 


H 


Sample  C  -  190-ft  Depth 


12b 

55.0 

5.90 

13a 

56.7 

5.73 

15b 

57.4 

5. OS 

Av* 

2.848 

2.873 

2.906 

07? 


11.  Indications  are  that  the  CR-19  core  is  a  very  hard,  strong 
■■terial.  Schmidt  numbers  cf  60  are  encountered  only  with  the  roughest 
of  rock.  The  rock  in  the  upper  elevation  (15-ft  depth)  is  only  slightly 
different  from  that  from  the  lower  two  intervals  tested. 


Ill 


Shear  tests 


12.  Direct  single  plane  shear  tests  were  conducted  on  three 
samples  from  the  85-ft  depth  interval  and  one  sample  from  the  15-ft 
depth  interval.  Shear  strengths  of  1530,  1580,  and  1510  psi  (average 
1550)  were  obtained  on  samples  9a,  9b,  and  11a,  respectively.  One 
test,  on  sample  3b,  from  the  upper  elevation  resulted  in  a  shear 
strength  of  1050  psi.  A  posttest  photograph  of  the  test  specimens 

is  given  in  plate  1 . 

IJnconfined  compressive  strength  tests 

13.  Conventional  unconfined  compressive  strength  tests  were 
conducted  on  specimens  from  the  upper  and  lower  depth  intervals  and 
cyclic  compressive  tests  on  specimens  from  the  middle  depth  interval. 
Results  are  given  below: 


Core 

No. 

Depth, 

ft 

Unconfi.ned 
Compressive 
Strength,  psi 

la 

14 

24,500 

2a 

16 

30,600 

3a 

17 

20,100 

Avg 

15 

25,070 

5b 

83 

27,700 

7b 

-85 

30,900 

9b 

86 

27,900 

Avg 

85 

28,830 

12a 

190 

25,400 

13b 

191 

25,700 

15a 

193 

22,900 

Avg 

191 

24,670 

There  is  no  significant  change  cf  strength  with  depth;  however,  the 
material  is  quite  variable  as  indicated  by  the  wide  range  of  strengths 
(20,000  to  30,000  psi). 

14.  All  specimens  had  two  vertical  and  two  horizontal  electrical 
resistance  strain  gages  affixed  in  order  to  measure  strain  during 
testing.  The  cycled  specimens  were  unloaded  at  5000-psi  intervals. 
Stress-strain  curves  are  given  in  plates  2-10.  The  stress-strain 
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relationships  were  linear  almost  to  failure;  hysteresis  was  negligible, 
f a  compute  the  deformation  moduli,  a  tangent  at  50  percent  of  the  ultimate 
jtrength  was  constructed  as  a  dashed  line  on  the  stress-strain  curves. 
l ,  pr.sttest  photograph  of  the  test  specimens,  plate  11,  shows  the  nature 
cf  failure,  steep  sided  coning.  j 

»«nduli  of  deformation  I 

•m ' 1  1  1  1  *  " '  ' 

-  15.  Young's  modulus,  shear  modulus,  bulk  modulus,  and  Poisson’s 
ratio  were  computed  on  three  samples  by  the  dynamic  (fundamental 
frequency)  method  and  on  the  unconfined  compressive  strength  specimens 
statically  at  approximately  50  percent  of  the  ultimate  strength.  Results 
are  given  be  low: 


g 

6 

1  Core 

No. 

Young's  Modulus 
of.  Elasticity, 
psi  x  10* 

Shear  Modulus 
(Modulus  of  Rigidity), 
psi  x  10S 

Bulk 
Modulus, 
psi  x  10* 

Poisson 

Ratio 

Dynamically 

i 

1 

12.43 

4.87 

9.42 

0.28 

s 

MS 

L  io 

15.73 

5.76 

20.17 

0.37 

| 

15 

13. <5 

5.11 

14.23 

0.34 

l 

M- 

Statically 

I 

[  la 

14.20 

5.55 

10.75 

0.28 

s 

§  2a 

13.60 

“  5.27 

10.79 

0.29 

!  3a 

13.40 

5.04 

13.14 

0.33 

§ 

j  Sb 

13.20 

4.92 

13.75 

0.34 

?b 

14.50 

5.53 

12.72 

0.31 

i  i 

t  9b 

15.50 

5.92 

13.60 

0.31 

1  1 

i  12a 

13.90 

5.39 

11.03 

0.29 

i  1 

|  13b 

15.10 

5.94 

.  10. ?4 

0.27 

i  1 

|  '  15a 

13.40 

5.04 

13.14 

0.33 

1  1 

!  Avg  Static  14.03 

5.40 

12.21 

0.30 

15.  The  static  and  dynamic  results  agree  well  with  the  exception 
of  the  dynamic  bulk  modulus  for  core  No.  10  which  is  unusually  high. 

The  moduli  are  significantly  high  for  rock,  higher  than  many  rocks  of 
comparable  strength.  Apparently  this  is  a  very  rigid  material. 

Velocity  measurements 

17.  The  compressions  1  wave  velocity  was  determined  directly  as 
the  sonic  propagation  velocity,  and  the  shear  wave  velocity  was  deter¬ 
mined  from  the  torsional  frequency  obtained  in  the  moduli  determinations. 
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Core 

No. 

Compress ional 

Ve 1 oc ity , 
fps 

Shear 

Velocity, 

fps 

i 

20,405 

11,405 

10 

20,490 

11,720 

15 

20,825 

11,355 

Avg 

2D, 570 

11,490 

The  shear  velocity  is  approximately  56  percent  of  the  conpressional 
Velocity- 

Conclusions 

18.  The  CP.-19  core  is  identified  as  a  sivla-diorl te,  essentially 
identical  to  the  Laramie  core  except  that  it  is  not  as  coarse  grained 
as  the  Laramie  core.  The  CR-19  core  is  an  unusually  heavy#  rigid 
material  which  is  rather  variable  in  strength  throughout  the  intervals 
tested.  Consensus  results  of  some  physical  properties  compared  to  the 
Laramie  core  are: 


Property 


Laramie  Core 


CP.- 19  Core 


Specific  gravity 
Percent  porosity 
Compressive  strength,  psi 
Tensile  strength,  psi  ^ 
Young’s  modulus,  psi  x  10 
Compress ional  wave  velocity,  fps 


2.72 

0.0 

21,600 

I, 400 

II. 8 
19,800 


2.85 

0.1 

26,190 

1,270 

14.1 

20,570 
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WARREN  SITING  AREA 


Core  No.  5  (Hole  01-32) 


1 .  Eleven  pieces 

of  core  were  received  fron  the  Warren  area, 

designated  CR-32  core, 

on  23  September 

195s.  Numbers  were  assigned 

as  indicated. 

Specimen 

Approximate 

Sample 

Designation 

Depth,  ft 

A 

1 

158 

A 

2 

159 

A 

3 

1 5f> 

A 

4 

15 1 

A 

5 

152 

A 

6 

153 

A 

7 

154 

A 

8 

155 

A 

9 

168 

A 

10 

170 

A 

11 

174 

2.  The  hole  fron  which  the  core  was  ta’ren  was  located  in  Albany 
County,  Wyoming,  township  17N,  range  72'C,  section  35.  All  core  was 
drilled  vertically.  Specimens  were  cut  as  required  for  the  various 
tests;  each  segment  of  the  specimen  was  given  a  letter  designation 
signifying  the  section  cut;  for  example,  specimen  7a  was  the  first 
test  piece  cut  from  specimen  7.  Tests  were  conducted  identical  to 
previous  tests  on  the  Warren  area  core. 
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Results 


Petrographic  examination 


3.  One  box  of  NX  rock  core  fragments  representing  depths 
157.9  through  176.5  ft  from  hole  CR-32  was  received  in  September  1968 
for  testing.  The  pieces  used  for  the  petrographic  examination  are 
shown  below:  .  , 


CD  Serial  No. 

Tiece  No. 

Depth,  ft 

Length,  ft 

J 

SAMS 0-2  DC-5. 

3B 

161 

1/3 

SAMSO-2  DC-5 

4A 

161.4 

1/3 

... 

i 

SAMSO-2  DC-5 

4B 

161.7 

1/3 

j 

SAMS 0-2  DC-5 

8 

162 

1/4 

j 

4.  The  teat  procedure  was  similar  to  that  followed  for  previous 
samples  in  this  series. 

5.  The  core  consisted  of  light-colored,  grayish  igneous  rock 
and  of  black  schist.  The  approximate  disposition  of  these  materials 
is  shown  below: 


Interval,  ft 

157.9  -  161 
161  -  162 


162  -  166.4 

166.4  -  176.5 


Description 


Igneous  rock. 

Black  schist  and  contact  with 
igneous  rock;  the  contact 
surface  is  dipping  about  45 
degrees . 

Igneous  rock. 

Black  schist. 


6.  All  of  the  core  is  badly  fragmented  due  to  the  presence  of 
numerous  horizontal,  vertical,  and  steeply  dipping  fracture  surfaces. 
Some  of  these  fractures  are  open  and  some  are  not,  but  almost  all  of 
them  were  present  prior  to  drilling;  the  presence  of  a  thin  coating 
of  white  or  pinkish  calcite  on  most  of  these  broken  surfaces  is  proof 
of  their  age.  The  core  fragments  of  schist  tend  to  be  about  1  to  2  in. 
long,  and  the  core  fragments  of  the  igneous  rock  tend  to  be  about  4  in. 
long,  although  there  are  longer  pieces  of  both  types. 

7.  The  rock  described  in  the  field  log  as  coarse-grained,  medium 
gray  anorthosite  is  the  grayish  igneous  rock  and  the  material  described 
as  some  combination  of  the  terras  fine-grained,  black,  sandstone  texture, 
or  broken  is  the  black  schist. 
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8.  Photograph  1  illustrates  the  appearance  of  the  two  rock 
types,  and  photograph  2  shows  the  joint  or  fracture  patterns  in  the 
igneous  rock. 

9.  The  igneous  rock  is  medium-grained  with  some  grains  ranging 
up  to  1/4  in.,  but  most  are  more  like  1/16  in.  in  size.  The  rock  is 
composed  largely  of  plagioclase  feldspar  with  smaller  amounts  of 
hornblende  and  biotite;  there  is  also  some  chlorite  and  an  opaque 
mineral  and  perhaps  some  kaolinite.  Most  of  the  plagioclase  shows 
some  alteration.  The  plagioclase  is  labradorite  with  a  composition 
of  about  Ab^oAn^Q.  Tnis  rock  is  a  lime-diorite  by  the  terminology  of 
Shand.*  This  material  was  logged  as  anorthosite  in  the  field.  Shand 
prefers  to  restrict  the  tern  anorthosite  to  rocks  "composed  almost 
entirely  of  feldspar.” 

10.  The  black  schist  is  composed  largely  of  hornblende,  chlorite, 
and  nontmorillonitic  clay;  there  is  also  a  little  plagioclase  feldspar 
and  there  may  be  some  kaolinite.  There  is  probably  some  mica,  but  it 
is  very  minor  in  amount. 

11.  It  is  not  possible  to  determine  which  is  the  host  rock  and 
vfcich  the  intrusive  rock  from  the  limited  structure  shown  by  the  core. 
All  of  the  specimens  selected  for  the  physical  tests  were  lime-diorite 
none  of  the  black  schist  samples  were  large  enough  to  secure  test 
specimens. 

Schmidt  number,  specific  gravity,  porosity,  and  tensile  strength 

12.  Due  to  the  highly  fractured  nature  of  the  samples,  only 
three  specimens  could  be  secured  for  the  basic  tests.  Results  are 
given  below: 


Schmid  t 

Tens i le 

Rebound  Standard 

Specific 

% 

Strength , 

Specimen 

Number  Deviation 

Gravity 

Porosity 

psi 

4d 

54.5  4.56 

2.763 

0.0 

1290 

5b 

5fi.9  5.19 

2.754 

0.2 

1460 

fib 

53.1  5.03 

2.756 

0.0 

1580 

Avg 

54.8  4.96 

2.758 

0.1 

1440 

The  rock  tested  is  apparently  a  hard,  dense  material.  However,  the 

ind ication 

of  high  quality  rock  by 

these  basic  tests  should 

not  be 

*  Shand ,  S 
New  York, 

.  J.,  Eruptive  Rocks,  3d 
N.  Y.,  19^7. 

edition, 

John  Wiley  and 

Sons, 

•Mfcen  Siting  Area;  Core  No.  5  (Hole  CR-32) ;  Series  I  Tests 


. -r.strued  as  evidence  of  a  competent  material  throughout.  The  entire 
‘),cth  of  sample  received  was  highly  fractured;  locating  sufficient 
rc  f°r  test  specimens  was  difficult. 

,Vrtr  tests 

13.  The  shortage  of  suitable  test  samples  prevented  shear 
•cjting  of  the  CR-32  core. 

c enfined  compressive  tests 


14.  Conventional  unconfined  compressive  tests  were  conducted 
ia  three  specimens.  Results  are  given  below: 


“S-  - 


Specimen 

No. 


Unconfined 
Compressive 
Strength,  psi 


5a  162  29,900 

6a  163  21,700 

7a  15ft  30,800 

Avg  163  27,470 

indicated  in  the  basic  tests,  the  material  tested  is  fairly 
::-'.petent,  although  quite  variable.  Specimen  No.  5a  was  only 
M/2  in.  long;  therefore,  the  indicated  strength  may  be  high  for 
tht»  particular  test.  A  posttest  photograph  of  the  test  specimens, 
;?ate  1,  shows  the  nature  of  failure,  steep  sided  coning. 

^uli  of  deformation 


15.  Stress-strain  curves  for  the  unconfined  compressive  tests 
given  in  plates  2,  3,  and  4.  The  axial  (vertical)  stress-strain 
'♦Utionship  is  virtually  linear.  Young’s  modulus,  shear  modulus, 

*-;l<  modulus,  and  Poisson's  ratio  were  computed  on  specimen  6  by  the 

(fundamental  frequency)  method  and  on  the  unconfined  compressive 
•’.fength  specimens  statically  at  approximately  50  percent  of  the  ultimate 
’length.  Results  are  given  below: 


Young's  Modulus 
•**eiaen  of  Elasticity, 
psi  x  106 


Shear  Modulus 
(Modulus  of  Rigidity), 
osi  x  10S 


Bulk 
Modulus, 
psi  x  70* 


Poisson's 

Ratio 


(Continued) 


3.65  0.06 
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(Continued) 


Young's  Modulus 

Shear  Modulus 

Bulk 

Specimen 

of  Elasticity, 

(Modulus  of  Rigidity; , 

Modulus 

Poisson's 

No. 

psi  x  106 

psi  x  106 

psi  x  10* 

Ratio 

Statically 

■ 

5a 

12.50 

5.04 

8.01 

0.24 

6a 

12.00 

4.62 

10.00 

0.30 

7a 

11.50 

4.53 

8.33 

0.27 

Avg  Static  12.00 

4.73 

8.78 

0.27 

Velocity  measurements 

l«. 

The  compressions! 

velocity  was  determined 

directly 

on  specimen 

No.  6  to 

be  15,480  fps.  The  shear  velocity,  10,980 

fps,  determined  from 

the  torsional  frequency,  is 

71  percent  of  the  compress ional 

velocity. 

Conclusions 


17.  The  rock  from  hole  CR-32  was  a  highly  fractured  material 
consisting  of  a  light  igneous  rock,  lime-diorite,  and  black  schist. 
Locating  sufficient  samples  for  testing  was  difficult;  Consensus  results 


of  tests  on  the  lime-diorite,  given  below, 
nature  of  the  material  as  a  whole. 

do  not  reflect  the  incompetent 

Property 

Lime-Diorite 

Specific  gravity 

2.76 

Percent  porosity 

0.1 

Compressive  strength,  psi 

27,470 

Tensile  strength,  psi 

1,440 

Young’s  modulus,  psi  x  10* 

12.00 

Compressions!  wave  velocity,  fps 

15,480 

STRESS  (psi) 


WAkREN  SITING  AREA 


Core  No.  3  (Hole  CR-4) 


1.  Eighteen  pieces 

of  core  were  received  from  the  Warren  area 

designated  CR-4  core,  on 
as  indicated. 

17  September  1953. 

Numbers  were  assigned 

Specimen 

Approximate 

Sample 

Designation 

Depth,  ft 

A 

1 

21  • 

A 

2 

22 

■  A 

3 

27 

A 

4 

32  ' 

A 

5 

33 

A 

A. 

34 

3 

7 

55 

D 

8 

5A 

B 

9 

55 

B 

10 

57 

B  ' 

11 

*8 

B 

12 

59 

C 

13 

181 

C 

14 

182 

c 

15- • 

193 

c 

Is 

184 

C 

17 

184 

C 

18 

185 

2.  The  hole  fron  which  the  core  was  taken  vas  located  in  Albany 
County,  Wyoming,  township  27N,  range  74W,  section  3.  All  core  was 
drilled  vertically.  Specimens  were  cut  as  required  for  the  various 
tests;  each  segment  of  the  specimen  was  given  a  letter  designation 
signifying  the  section  cut;  for  example,  specimen  7a  was  the  first 
test  oiece  cut  from  specimen  7.  Tests  were  conducted  identical  to 
previous  tests  on  the  Warren  area  core. 
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Results 

-x..  rographic  examination 


1.  About  15  ft  of  NX  rock  core  from  three  depths  in  hole  CR-4 
.*  Albany  County,  Wyoming,  was  received  in  September  195ft  for  testing, 
•v,  specimens  used  for  petrographic  examination  are  identified  below: 


CD  Serial 

Piece 

Depth, , 

length , 

No. 

No. 

ft 

ft 

SAMS 0-2  DC-3 

1 

20.8 

1/3 

SAMS0-2  DC- 3 

9 

55.7 

1/3 

2.  The  rock  in  pieces  1  through  5  wa3  medium-grained  and  pink, 
while  that  in  the  rest  of  the  pieces  (7  through  18)  was  more  gray  than 
link  in  color.  One  end  of  piece  18  was  transitional  back  to  pink, 
roarse-grained  material. 


3.  The  petrographic  work  consisted  of  photography.  X-ray  diffraction 
examinations,  and  microscopical  examinations  using  samples  and  procedures 
as  described  in  previous  reports  for  the  samples  from  core  hole  1, 
rrnject  S-ll,  100  and  from  core  hole  CR-42. 


4.  Pieces  4  and  5  each  contained  nearly  vertical  open  fractures. 
The  fragmented  condition  and  appearance  of  piece  4  indicated  that  it  was 
quite  weathered.'  - 


5.  Piece  1  is  composed  primarily  of  quartz  and  plagioclase  and 
•dcrocline  feldspars  with  minor  amounts  of  biotite  and  chlorite  and 
nrobably  trace  amounts  of  a  pyroxene.  Piece  9  differs  from  piece  1  in 
potassium  feldspar  (microcl ine)  is  only  a  minor  constituent.  All 
>f  the  rock  except  the  bottom  of  piece  IS  is  medium-grained.  The 
Individual  grains  do  not  show  crystal  faces,  with  a  few  exceptions, 
and  range  from  about  1/15  to  1/4  in.  in  maximum  dimension  (photograph  1). 

5.  All  of  the  plagioclase  feldspar  shows  some  alteration,  probably 
?0  sericite.  There  is  little  or  no  alteration  of  the  potassiun  feldspar. 


7.  Ail  of  the  rock  was  logged  in  the  field  as  granite.  The  labora¬ 
tory  work  indicates  that, while  granite  is  a  suitable  name  for  the  pinkish 
r°ck  of  pieces  1  through  the  grayish  rock  of  pieces  7  through  17  is 
t^naiite  according  to  the  classification  of  Shand*  rather  than  granite, 
because  there  is  not  enough  potassium  feldspar  (microcline)  to  justify 
name  granite. 


*  Shand,  S.  J.,  Eruptive  Rocks,  3d  edition,  John  Wiley  and  Sons,  New  York., 
N.  Y.,-  1947. 
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Photograph  1.  Saved  surface  r.f  niece  9 
fro?,  core  hole  Cl>-U,  depth  ^.7  ft 
natural  size. 


jHI  iWfetA'Alii'KJ  iiii!  *A. 


;ir rcn  Siting  Area:  Core  bo.  3  (Hole  CR-4J;  Scries  l  Tests 


The  decrease  in  the  amount  of  pin'  ish  potash  feldspar  is  also 
, *onsiblc  for  the  color  change  from  pin’-,  to  gray.  The  difference  in 
,:nes  not  necessarily  mean  that  the  physical  properties  of  the  gray 
-:,(i  the  pink  roc’;  are  different.  They  may  **r  may  not  differ;  the 
,  ■.  tests  will  determine  this. 

The  results  of  c "roaring  the  nrcsent  sample  with  the  previ*  us 
,  i,  from  core  hole  C:\-U2  are  listed  belo’-; 


a.  Texture .  The  present  sample  is  finer  grained.  The 
size  of  the  feldspar  phe.nocryst.s  is  about  1/4  in.  as  compared 
about  1/2  in.  for  the  rock  from  hole  CR-42. 


b.  Compos it i on .  Both  samples  contain  quartz  and  feldspars, 
present  sample  contains  biotite  mica  and  chlorite  while  the  rock 

>>  --  hole  CR-42  contains  hornblende  and  montnori!  1  onitic  clay.  The 
»;r«tcnt  sample  contains  less  potassium  feldspar. 

c.  Physical  condition.  There  are  more  steeply  dipping  old 
- H-tures  in  the  core  from  hole  CR-42  than  in  this  core.  More  of  the 

♦-inclase  crystals  show  alteration  in  this  rock  than  in  the  rock  fron 
•  It-  HR- 42.  Both  cores  contain  roc’,  that  appears  fresh  and  rock  that 
r-eors  to  be  weathered. 


'■‘•■Mt  number,  specific  gravity,  r-orosity,  and  tensile  strength 

1*.  Three  specimens  from  each  depth  interval  were  selected  for  the 
'  mic  tests.  Results  are  given  below; 


’  rr 

Rebound 

Number 

Schmidt 

Standard 

Deviation 

Specific 

Gravity 

-* 

•0 

Porosity 

Tensile. 
Strength , 
psi 

Sample  A  - 

31-ft  Depth 

55.4 

4.11 

2.637 

0.0 

1400 

55.1 

3.59 

2.633 

0.0 

990 

A 

49.0 

5.48 

2.627 

0.0 

970 

*  - 

53.5 

4.39 

2.^32 

0.0 

11 2D 

Sample  B  - 

60-ft  Depth 

55.2 

4.54 

2.681 

0.0 

1210 

'j 

54.  .8 

4.92 

2.687 

0.0 

1460 

56.5 

5.09 

2.692 

0.0 

1340 

’  * 

55.9 

4.R5 

2.6S7 

0.0 

1340 

(Continued) 
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(Continued) 


Schmidt  Tensile 


Rebound 

Standard 

Specific 

0 

Strength, 

Core 

Number 

Deviation 

Gravity 

Porosity  psi 

Sample  C  - 

180-ft  Depth 

13b 

57.6 

3.35 

2.680 

0.0 

1550 

14b 

57.9 

4.09 

2.708 

0.0 

1380 

ISc 

56.0 

5.54 

2.599 

0.0 

1350 

Avg 

ST.7 

3.99. 

2. <59^ 

o.o 

1420 

The  results,  with 

the  exception 

of  the  porosity 

tests , 

,  indicate  that  the 

rock  in 

the  upper 

elevations  (30 

ft)  is  somewhat 

less 

competent  than  that 

test  ed 

from  the  other  elevations 

.  There  is  very 

little  difference  in  the 

materials  from  the  60-  and  180-ft  depths. 

Shear  tests 

11.  Direct,  single  plane  shear  tests  were  conducted  on  three  samples 
from  the  60-ft  depth  interval.  Shear  strengths  of  2030,  1970,  and  2100  psi 
were  obtained  on  samples  7a,  8a,  and  8b,  respectively.  The  average 
strength  was  2030  psi.  Posttest  photographs  are  given  in  plate  1. 

Unconfined  compressive  tests 

12.  Conventional  unconfined  compressive  tests  were  conducted  on 
specinens  from  the  upper  and  lower  depth  intervals  and  cyclic  compressive 
tests  on  specimens  from  the  middle  depth  interval.  Results  are  given 
below: 


>re  No. 

Depth,  ft 

Unconfined 
Compressive 
Strength,  psi 

2a 

22 

22,200 

3b 

27 

25,000 

6a 

34 

25,700 

Avg 

28 

•24,300 

10a 

57 

32,800 

Ua 

68 

30,100 

12a 

69 

26,600 

Avg 

58 

29,830 

(Continued) 
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(Continued) 


Core  No. 

13a 

14a 

15a 

Avg 


Depth,  ft 

181 
1 52 
183 
182 


Unconfined 
Compressive 
Strength,  psi 

32,300 

31,900 

32,000 

32.070 


a;**'.,  the  materia)  from  the  upper  elevation  proved  to  be  less  competent 
that  from  the  lower  elevations. 


13.  Stress-strain  curves  for  the  unconfined  compressive  tests  are 
in  plates  2  through  10.  The  axial  (vertical)  stress-strain  relation- 
«*::  is  virtually  linear  for  most  specimens;  the  hysteresis  loops  were 
and  closed.  A  posttest  photograph  of  the  test  specimens,  plate  11, 
.‘•v*,  the  nature  of  failure,  steep  sided  coning. 
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^sli  of  deformation 


14.  Young's  modulus,  shear  modulus,  bulk  modulus,  and  Poisson’s 
i’io  were  computed  on  three  samples  by  the  dynamic  (fundamental 
■■fs>Jcncy)  method  and  on  the  unconfined  compressive  strength  specimens 
♦uiically  at  approximately  50  percent  of  the  ultimate  strength.  Results 
t*c  Hi ven  below: 


Young's  Modulus 

Shear  Modulus 

Bulk 

•'«  of  Elasticity, 

(Modulus  of  Rigidity) , 

Modulus,  Poisson's 

ill  psi  x  10® 

psi  x  10® 

psi  x  10®  Ratio 

Dynamically 


% 

♦ 

5.6R 

2.71 

2.10 

0.05 

9.59 

4.14 

4.70 

0.16 

’i 

10.49 

4.49 

5.30 

0.17 

Statically 

• i 

9.10 

3.78 

5.23 

0.21 

h 

* 

10.50 

4.41 

5. *5 

0.19 

10.40 

4.13 

7.22 

0.26 

10.80 

4.50 

6.00 

0.20 

10.40 

4.30 

5.98 

0.21 

**  1 

10.50 

4.13 

7.61 

0.27 

10.70 

4.18 

8.11 

G.28 

10.80 

4.39 

6.67 

0.23 

10.60 

4.11 

8.41 

0.29 

Static 

10.40 

4.21 

6.76 

0.24 
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Velocity  measurements 

15-  The  coenpressional  velocity  was  determined  directly  as  the 
sonic  propagation  velocity,  and  the  shear  wave  velocity  was  deternined 
from  the  torsional  frequency  obtained  in  the  moduli  deteminations. 


Conpressional 

Shear 

Pulse  Velocity, 

Velocity, 

. -  fps 

f  ps 

14,605 

8,785 

.  17,930 

10,345 

18,795 

11,230 

17,110 

10,020 

The  shear  velocity  is  approximately  59  percent  of  the  compressional 
velocity. 

Conclusions 

16.  The  CR-4  core  is  identified  as  granite  in  the  upper  elevations 
and  tonalite  in  the  lower  elevations.  The  granite  is  less  competent  than 
the  tonalite.  Consensus  results  are  given  below: 


Property 

Granite 

Tonal ite 

Specific  gravity 

2.63 

2.69 

Percent  porosity 

0.0 

0.0 

Compressive  strength,  psi 

24,300 

30,950 

Tensile  strength,  psi 

1,120 

1,380 

Young’s  modulus,  psi  x  ID'' 

10,0 

10.6 

Compressional  wave  velocity,  fps 

14,505 

18,360 

Sessional 
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Posttest  Photographs 
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L^: )' hi.! :i'j J:j:- !ia i*M««4  mm .« u . ■< n -  u >i , •  bi - iMMMrtkt no Ittti •isMAiit.  AteBA 


WARREN  SITING  ARIA 


Core  N->.  9  (Hole  CK-25) 


1.  Eighteen  -ieres  of  core  from  one  denth  interval  were  received 
from  the  !-arren  area  on  11  October  10AS,  designated  C:;-35  core.  Numbers 
were  assigned  as  indicated.  ■ 

Specimen  Annroximate 

Sample  Designation  Des-th,  ft 


A 

1 

17 

A 

2 

17 

A 

3 

IS 

A 

4 

19 

A 

5 

20 

A 

5 

21 

A 

7 

22 

A 

3 

23 

A 

9 

24 

A 

10 

25 

A 

11 

25 

A 

12 

25 

A 

13 

27 

A 

14 

2S 

A 

15_ 

25 

A 

15 

29 

A 

17 

29 

A 

IS 

30 

2.  The  hole  from  which  the  core  was  ta’-en  was  located  in  Albany 
County,  Wyoming,  township  15N,  range  71'.-.',  section  2. 
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Warren  Siting  Area:  Core  No.  9  (Hole  CR-35);  Series  I  Tests 

Results 

petrographic  examination 

3.  About  13  ft  of  NX  rock  core  from  depths  of  17.1  through  30.3  ft 
in  hole  CR-35  was  received  in  October  1958  for  testing.  The  petrographic 
specimen  is  identified  below: 

CD  Serial  No.  Piece  No.  Depth,  ft  Length,  ft 

3AMSO-2  DC- 9  15  28  1/4 


4.  All  of  the  pieces  of  core  were  similar  in  appearance  except 
that  the  bottom  portion  of  niece  16  and  the  top  portion  of  piece  17  were 
unusually  coarse  grained.  Most  fracture  surfaces  were  fresh  and 
apparently  were  produced  in  drilling. 

5.  The  test  procedure  was  the  same  as  that  for  the  other  rocks  in 
this  series. 

6.  The  rock  is  coarse-grained,  pink  granite  with  white  and  black 
patches  composed  of  pink  microcline,  white  plagioclase,  colorless  quart2, 
and  black  biotite  with  smaller  amounts  of  hornblende,  kaolinite,  pyroxene, 
and  several  other  minerals.  The  nlagioclase  is  either  albite  or  olignclase. 
There  is  some  alteration  of  the  feldspars,  especially  of  the  plagioclase. 


7.  The  rock  in  this  core  is  similar  to  the  reddish  granites  from 
holes  CR-42  and  CR-48;  all  three  cores  may  have  been  taken  in  the  same 
igneous  body. 


8.  The  size  of  the  pinkish  microcline  nhenocrysts  decreased  from 
a  naxinum  over  1  in.  in  CR-42  to  about  3/4  in.  in  CR-48  to  about  1/2  in. 
in  the  present  core  (photograph  1).  As  the  size  of  the  microcline 
nhenocrysts  decreased,  the  white  plagioclase  phenocrysts  increased  in 
size  until  they  reached  a  maximum  size  of  about  1/2  in.  in  the  present 
core. 


9.  If  there  are  significant  differences  in  physical  properties 
between  these  three  cores,  they  may  relate  to  the  textural  variations 
just  described. 

Schmidt  number,  specific  gravity,  porosity,  and  tensile  strength 


10.  Three  specimens  were  selected  for  the  basic  tests.  Results  are 
Riven  below: 
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barren  Siting  Area:  Core  No,  9  (Hole  CR-35) ;  Series  I  Tests 


Rebound 

Number 

Schmidt 

Standard 

Deviation 

Specific 

Gravity 

‘3 

porosity 

Tensile 

Strength, 

psi 

54.5 

2.77 

2.666 

0.4 

955 

53.3 

3.29 

2.696 

0.0 

990 

50.2 

2.15 

2.593 

0.0 

660 

52.7 

2.74 

2.687 

0.1 

870 

;»car  tests 


11.  Direct  single  plane  shear  tests  conducted  on  specimens  2a,  7b. 
!8a  yielded  shear  strengths  of  935,  1080,  and  985  nsi,  respectively, 
average,  1000  psi,  is  somewhat  lower  than  that  of  the  other  granite 
iron  the  Warren  area. 


;nc onf ined  compressive  strength  tests 


12.  Unconfined  compressive  strength  tests  were  conducted  on  five 
::<cinens,  three  cyclic  tests  and  two  conventional  tests.  The  results, 
{ ;ven  below,  indicate  good  uniformity  of  the  CR-35  core  and  comparable 
strength  to  the  other  Warren  area  granite. 


Core  Ko-  Depth,  ft 


Unc onf ined 
Compressive 
Strength,  psi 


3a 

18 

7a 

22 

10a 

25 

14a 

28 

17a 

29 

Avg 

24 

21,300 

21.700 
21,740 
21,360 

23.700 
21,960 


13.  Specimens  3a,  7a,  and  17a  had  two  vertical  and  two  horizontal 
'Metrical  resistance  gages  affixed  in  order  to  monitor  strain  during 
filing.  Unloading  cycles  were  made  at  5000-psi  intervals  up  to  15,000  psi. 
*ress-strain  curves  are  given  in  plates  2,  3,  and  4.  The  hysteresis 

were  snail  and  closed.  The  peculiar  shape  of  the  third  cycle  curve 
specimen  17a  is  unexplained.  Possibly  the  strain  gage  loosened  during 
•J*tHng.  A  posttest  photograph  of  the  test  specimens,  plate  5,  shows  the 
‘*-«re  of  failure,  steep  sided  coning. 


1!: *  of  deformation 


14.  Young’s  modulus,  shear  modulus,  bulk  modulus,  and  Poisson’s 
*tio  were  computed  on  three  samples  by  the  dynamic  (fundamental 


Warren  Siting  Area:  Core  No.  9  (Hole  CR-35);  Series  I  Tests 


frequency)  method  and  on  three  unconfined  conoressive  strength  specimens 
statically  at  approximately  50  percent  of  the  ultimate  strength.  Results 
are  given  below: 


Core 

No. 


Young’s  Modulus  Shear  Modulus 

of  Elasticity,  (Modulus  of  Rigidity), 


Dsi  x  10- 


psi  x  10' 


Bulk 
Modulus,^ 
Dsi  x  10 5 


Poisson’s 

Ratio 


Dynamically 


9 

4.78 

1.93 

3.05 

0.24 

Statically 

3a 

7.80 

3.28 

4.19 

0.19 

7a 

7.90 

3.24 

4.70 

0.22 

17a 

8.10 

3.24 

5.40 

0.25 

Avg  Static 

7.93 

3.25 

4.76 

0.22 

Velocity  measurements 

15.  The  compressional  wave  velocity  was  determined  directly  as  the 
sonic:  propagation  velocity  on  specimen  No.  9  to  be  12,545  fps.  The  shear 
wave  velocity  was  determined  from  the  torsional  frequency  obtained  in  the 
moduli  determinations  to  be  7350  fps. 


I 

i 

! 


Conclusions 

15.  The  CR-35  core  is  identified  as  a  coarse-grained,  pink  granite 
similar  to  the  rock  from  holes  CR-42  and  CR-48.  Consensus  results  of 
physical  properties  are: 


.  Property _  Result 


Specific  gravity  2.69 

Perce.it  porosity  0.1 

Compressive  strength,  psi  21,960 

Tensile  strength,  psi  870 

Young’s  modulus,  psi  x  10fi  7.9 

Compressional  wave  velocity,  fps  12,545 


s 

s 
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Varren  Siting  Area:  Core  No.  5  (Hole  CR-39):  Series  I  Testa 


Kd  nn 


fe  Albany 


Results 

■  petrographic  examination 

3.  About  15  ft  of  NX  rock  core  from  three  depths  In  hole  CK-39 
in  Albany  County,  Wyoming,  were  received  on  7  October  19*8  for  testing. 
The  petrographic  specimens  are  identified  below: 

CD  Serial  No .  Piece  No.  riot^fK  T  iancrf-  H  ff 


Piece  No. 

Depth,  ft 

Length,  ft 

IS 

53 

5  (bottom  portion) 

144 

1/3 

H 

a 

3 

12  (bottom  portion) 

195.3 

x/3 

1 

It 

pieces  of  core  were 

similar  in  appearance  and  no 

| 

§ 

t  b  i^cjuture  surtaces  were  seen.  The  petrographic  work  was 

s  m  ar  o  that  done  for  all  of  the  previous  rockn  in  this  test  series. 

.  core  composed  of  coarse-grained,  light-colored  grayish 

roc  v  ic  was  logged  as  granite.  The  petrographic  data  indicate  granite 
is  a  suitable  name. 

ITie  rock  is  coranosed  largely  of  quartz,  potassium  feldspar, 
f  1®s*  feldspar  (probably  oligoclase),  and  biotite  with  a  lesser 
, ' .  °  ornblende  ana  a  little  kaolinite.  The  appearance  of  the 
rock  i  ■  iwnby  photograph  1. 

...  7*  Thi3  corft  was  compared  with  the  core  fros  hole  CR-42  since 

.  coarse-grained  granites.  The  results  of  thia  comparison  are 

shown  below. 


Core  from  Hole  CR-39 

Coarse-grained  light- 
colored  granite 

All  breaks  in  core 
appear  to  be  fresh. 

Abundant  biotite. 

No  montmorillonitic  clay 


Core  t rrr~.  Hole  CR-42 

Coarse-grained 
reddish  granite 

Old  limonite  coated  frac¬ 
tures  are  nv^rvjs. 

Practically  no  biotite 

Some  non I '  vn i t i c  clay 

More  quartz  in  this  core 
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,  r»n  Siting  Area;  Core  No.  *  (Hole  CR-39) ;  Series  I  Tests 

i.  The  presence  of  the  montmorillonitic  clay  and  the  old  fracture 
■  'tzti  in  cor<:  frcn  hole  CR-42  indicates  that  there  has  been  more 

.,*»tirtn  of  this  rock  and  that  it  is  more  broken.  The  presence,  of 
.listing  fracture  systems  in  the  rock  from  core  hole  CR-42  may  well 
•>f  rnly  differerce  of  any  importance  between  the  cores  from  the  two 

..  1  *  ■ 

number,  specific  gravity,  porosity,  and  tensile  strength 

9.  Three  specimens  from  each  depth  interval  were  selected  for  the 
test.  However,  due  to  the  apparent  uniform  nature  of  the  rock, 
j  the  three  samples  from  the  middle  interval  were  subjected  to  all 
Results  are  given  below: 


Schmidt 

Tensile 

Rebound 

Standard 

Spec  if ic 

•  O 

Strength 

Number 

Deviation 

Gravity 

Porosity 

psi 

Sample  A  - 

50-ft  Depth 

i* 

52.1 

3.32 

2.706 

u 

53.4 

3.11 

2.711 

W 

54.5 

3.66 

2.717 

, , 

-  r 

53.3 

3.36 

2.711 

Sample  B  - 

14 5 -ft  Depth 

*» 

52.5 

3.08 

2.718 

0.8 

775 

w 

51.2 

2.90 

2.712 

0.7 

845 

49.9 

2.78 

2.708 

0.4 

825 

51.2 

2.92 

2.713 

075- 

815 

Sample  C  - 

195-ft  Depth 

* 

52.0 

2.65 

2.720 

52.8 

3.38 

2.705 

U 

51.8 

2.84 

2.712 

_ 

52.2 

TM 

2.712 

^•‘Cations  are  that  the  CR-39  core  is  a  hard,  uniform  material  through- 
tlie  depths  sampled. 

i!**r  tests 

*.  *'S*  Direct  single  plane  shear  tests  were  conducted  on  one  specimen 
-  each  of  the  three  depth  intervals  as  indicated: 
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Warren  3 i t ing  Area:  Core  Ho.  *  (Hole  CR-39);  Series  I  Tests 


Specimen 

Depth, 

Shear 

No. 

ft 

Strength, 

4b 

59 

1340 

6b 

44 

1305 

12a 

195 

1490 

Avg 

- 

1370 

Ur.confined  conoressive  strength  tests 


11.  Conventional  unconfincd  compressive  strength  tests  were 
conducted  on  specimens  from,  the  upper  and  lower  depth  intervals  and 
cyclic  conoressive  tests  on  specimens  from  the  middle  depth  interval. 
The  results,  given  below,  again  indicate  the  uniform  nature  of  the 
Cic-39  core. 


Unconfined 

Core 

Depth, 

Compres  s ive 

No. 

ft 

Strength,  psi 

2a 

57 

21,860 

3b 

58 

21,200 

4b 

59 

20,2CQ 

Avg 

58 

21,100 

7b 

145 

20,400 

8b 

14fi 

21,000 

9a 

147 

-  20,000 

Avg 

14* 

20,470 

10a 

192 

20,480 

lla 

193 

21,770 

13a 

195 

21,510 

Avg 

194 

21,250 

12.  The  specimens  from  the  middle  depth  interval  had  two  vertical 
and  two  horizontal  electrical  resistance  gages  affixed  in  order  to 
monitor  strain  during  loading.  Unloading  cycles  were  made  at  5000-psi 
intervals  up  to  15,000  psi.  Stress-strain  curves  are  given  in  plates  2, 
3,  and  4.  The  hysteresis  loops  were  small  and  closed.  A  posttest  photo- 
graph  of  the  test  specimens,  plate  5,  shows  the  nature  of  failure,  steer 
sided  coning. 
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of  deformation 


13.  Young  s  modulus,  shear  modulus,  bulk  modulus,  and  Poisson's 
,.;o  were  computed  on  three  samples  by  the  dynamic  (fundamental 
vts^ncy)  method  and  on  the  unconfined  compressive  strength  specimens 
,.,-icc-ny  at  approximately  50  percent  of  the  ultimate  strength.  Results 
r.jven  below: 


Young's  Modulus 
of  Elasticity, 
psi  x  106 


8.85 

8.38 

8.06 


■? 

& 

i* 


8.00 

7.80 

7.90 


^i-'eity  measurements 


Shear  Modulus 
(Modulus  of  Rigidity), 
psi  x  10° 

Dynamically 

3.95 

3.88 

3.45 

Statically 

3.03 

3.12 

3.04 


Bulk 
Modulus 
psi  x  10 


t, 


3.89 

3.33 

3.95 


7.41 

5.20 

6.58 


Poisson's 

Ratio 


0.12 

0.08 

0.16 


0.32 

0.25 

0.30 


coraPyessi°nal  wave  velocity  was  determined  directly  as 

^r?i::iTrtXOn  °Clty*  and  the  shear  wave  velocity  was  detcr- 

he  torsional  frequency  obtained  in  the  moduli  determinations. 


Core 

No. 

Compressions! 

Velocity, 

fps 

Shear 

Velocity, 

fps 

1 

17,360 

10,440 

6 

17,100 

10,365 

14 

16,530 

9,755 

Avg 

17,030 

10,185 

VClocity  is  approximately  50  percent  of  the  congressional 


177 


barren  Siting  Area;  Core  No.  r'  (Hole  CR-39);  Series  I  Tests 


Conclusions 

15.  The  CR-39  core  is  identified  as  a  coarse-grained  granite 
sonewhat  similar  to  the  core  from  hole  CR-42.  The  core  is  very 
uniform  in  physical  properties  throughout  the  samples  tested. 
Consensus  results  of  physical  properties  are: 


Property 


Results 


Specific  gravity 
Percent  porosity 
Compressive  strength,  psi 
Tensile  strength,  nsi 
Young's  modulus,  Dsi  y  10 
Conpressional  wave  velocity, 


fps 


2.71 

o.s 

20 , 9h0 
815 
8.0 

17,030 
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APPENDIX  H 

ORT  -  HOLE  CR-42  CORES 


7  SEPTEMBER  1968 


WAki^K  .11  TING  AREA 


Core  Ho.  2  (Hole  CH-42) 

1.  Twenty  pieces  ->f  c  >r-*  v.-r*  receive*?  inm  the  Vnrren  nna, 
desi  gnnted  CE-42  core.  Numbers  assigned  os  indicated. 


penmen 
nesignnli  *>n 


Ai:*>r  ov£nnte 
>•  •  ‘  .  ft 


2.  The  hole,  from  which  the  cere  was  tnhen  '-as  located  in  Albany 
County,  Wyoming,  townshin  13N,  range  72V,  section  Q.  All  core  was 
drilled  vertically.  Specimens  were  cut  as  required  for  the  various 
tests;  each  segment  of  the  spcHv.n  was  given  a  letter  designation 
signifying  the  section  cut;  for  example,  specimen  .'a  was  the  first 
test  niece  cut  from  specimen  17. 
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V.rron  Siting  Area:  Cor,'  No.  2  (CR-42)  ;  Series  7  Tests 


Uesul ts 


•  >err.r.)hic  examination 


1.  About  15  ft  of  NX  rock  core  from  three  depths  in  core  hole 
,  in  Albany  County,  Wyoming,  was  received  in  September  1968  for 

The  three  pieces  of  the  core  that  were  used  for  petrographic 
,<*-lnation  are  identifi  i  below: 


CD  Serial  No. 

SAMS 0-2  DC- 2(A) 
SAM30-2  DC-200 
SA'lSO-2  DC-2(T) 


Piece  No. 


Depth,  ft  Length,  ft 


37.9 

89.5 

18S.0 


About  1/2 
About  1/3 
About  1/2 


2.  Piece  1  appeared  to  be  the  most  weathered  or  altered;  piece 
the  least  affected,  and  piece  20  was  more  like  piece  1.  Aside  from 

•*1j  variation  in  physical  condition,  all  the  core  was  similar  in 
irotarance. 

3.  Representative  portions  of  piece  1  and  of  piece  13  were  ground 

■  pass  a  No.  325  sieve  (44p)  and  examined  by  X-ray  diffractometry  using 
-..r-el-filtered  copper  radiation. 

4.  Two  thin  section.-  were  made  from  piece  13  and  examined  with 

*  tolarizing  microscope. 

5.  Piece  20  was  sawed  axially,  and  this  surface  was  photographed. 

5.  All  of  the  rock  was  logged  in  the  field  as  red  granite  with 
i-.onite  staining  numerous  fractures.  Additional  examination  in  the 
♦Oratory  indicates  that  granite  is  a  suitable  name  for  this  rock. 

7.  There  were  numerous  near  vertical  iron-stained  epen  joints 
"  •  nany  horizontal  fractures  in  the.  core  that  was  tested  in  this 
Moratory.  Most  of  the  horizontal  breaks  were  fresh  and  appeared  to 

*  to  the  drilling.  The  iron  staining  on  joint  surfaces  indicated 
these  were  old  breaks.  Most  of  the  iron  staining  was  due  to 

:*''nlte  (tan)  tut  that  on  piece  13  was  due  to  hematite  (red).  This 
J?fcrence  in  color  indicates  less  weathering  in  piece  13. 

3.  The  rock  is  composed  of  rontmorillonitic  clay,  quartz,  potash 
•'•"Spar  (microcline) ,  plagioclase  feldspar,  hornblende,  and  small 
’'••wnts  of  mica  and  an  opaque  mineral.  Some  of  the  feldspars,  mostly 
**  Plagioclase,  show  some  alteration  to  a  clay  mineral. 
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barren  Siting  Area:  Core  No.  2  (CR-42) :  Series  T  Tests 


9.  The  presence  of  more  montmorillenitic  clay  in  piece.  1  than 
in  piece.  13  confirms  the  visual  impression  that  piece  !3  is  fresher 
rock. 

V*.  The  roc-:  is  coarse-grained  with  the  maximum  grain  dimension 
ranging  up  to  about  half  an  inch  (photograph  1). 

11.  An  estimated  composition  for  this  rock  is  shown  below; 


Ouartz 
Micror 1 ine 
Plajfioclase 
Hornblende 
Clav 


20 

30 

40  -  45 
5 

up  to  5-10 


These  numbers  were  obtained  by  comparison  with  an  X-ray  pattern  of 
U.  S.  Geological  Survey  stadard  granite  G-2  and  by  consideration  of 
its  composition.* 

Schmidt  number,  specific  gravity,  ^orosity,  and  tensile  strength 

12.  Three  specimens  from  each  depth  interval  were  selected  for 
the  basic  tests.  Results  are  given  below: 


_ Schmidt _ 

Rebound  Standard  Specific 

Number  Deviation  Gravity 

Sample  A  -  40-ft  Depth 


Porositj 


Tensile 

Strength, 

psi. 


2* 

46.9 

6.79 

2.664 

0.7 

600 

36 

48. 3 

4.25 

2.664 

0.5 

720 

7* 

52.6 

6.07 

2.674 

O.C 

820 

Avg 

49.3 

5.70 

2.667 

0.4 

710 

Sample  8 

-  90-ft  Depth 

9a 

49.  S 

4.65 

2.674 

0.4 

S20 

12c 

51.9 

3.37 

2.668 

0.4 

8*0 

15b 

51.2 

4.77 

2.6*9 

0.5 

950 

Avg 

51.0 

O? 

2.671 

0.4 

RR0 

_  (Continued)  _ _ 

*  Chaves ,  F. ,  "Modal  composition  of  U.S.G.S.  reference  sample  G-2." 
Geochimica  et  Cosmochimica  /.eta,  vol  31,  No.  3,  pp  4*3-54  (19*7). 
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Warren  Siting  Area:  Core  No.  2  (CR-42);  Series  7  Tests 


(Continued) 


Core 

Schmidt 

Rebound  Standard 

Number  Deviation 

Specific 

Gravity 

O 

Porosity 

Tensile 

Strength, 

psi 

17b 

Sample  C-185-ft  Depth 

47.5  3.87 

2.880 

0.5 

890 

ISa 

48.7 

4.  S3 

2.689 

0.0 

700 

23a 

52. S 

3.44 

2.850 

1.0 

890 

Avg 

49.7 

4.05 

2 . 8*3 

0.5 

780 

13.  The  results  indicate  that  the  CR-42  core  is  less  dense  and 
more  porous  than  the  Laramie  core;  however,  it  may  be  considered  a  hard, 
dense  roc’-:.  Difference  in  the  core  with  depth  is  not  pronounced  in  the 
data  from  the  basic  tests.  The  variation,  as  indicated  by  the  standard 
deviation  of  the  rebound  number,  is  greater  than  the  Laramie  core,  due 
possibly  to  the  numerous  small  fractures  and/or  constituents  of  the  r ccf. 
The  tensile  strength  is  very  much  lower  than  the  Laramie  core  (780  versos 
1400  psi),  possibly  due  also  to  the  numerous  small  fractures.  Posttest 
photographs  of  the  test  specimens  are  given  in  plate  1. 

Shear  tests 

14.  Direct,  single  plme  shear  tests  were  conducted  on  three 
samples  from  the  90-ft  depth  interval.  Due  to  the  larger  diameter  of 
the  CR-42  core,  the  2. 38- in. -diameter  shear  blocks  were  used.  Shear 
strengths  of  2160,  1700,  and  1570  psi  were  obtained  on  samples  8,  9b, 
and  9c,  respectively.  Again,  the  average  strength,  1910  "psi,  was 
somewhat  lower  than  the  Laramie  core  (2420  psi). 

Unconfined  compressive  tests 

15.  Conventional  unconfined  compressive  tests  were  conducted  or. 
specimens  from  the  upper  and  lower  depth  intervals  and  cyclic  comprr*?- 
tests  on  specimens  from  the  middle  depth  interval.  Results  are  given 
bel ow: 


ire  No. 

Depth,  ft 

Unconfined 
Comp.,  assive 
Strength,  psi 

2a 

38 

13,200 

3a 

39 

13,300 

7a 

42 

16,300 

Avg 

40 

14,270 

(Continued) 


..,rren  Siting  Area:  Core  No,  2  (CR-42);  .Series  I  Tests 


(Cont  inued) 


Depth,  ft 


Unc on fined 
Compressive 

— °£e-ft0 •  Depth,  ft  Strength,  psi 

12a  88  23,000 

13a  89  20,200 

15a  90  22,300 

AvS  89  21, S30 

I7a  185  17,100 

18a  186  19,900 

19a  185  17,200 

AvS  186  IS, 070 

'*  ccc,Pressive  strength  results  tend  to  substantiate  the  observations 
He  pet r ographer  the  core  from  the  90-ft  deoth  is  somewhat  better 
■  the  upper  or  lower  areas  sampled, 

16.  All  specimens  had  two  vertical  and  two  horizontal  electrical 
-is trance  strain  gages  affixed  in  order  to  measure  strain  during 
-  :;ng.  The  cycled  specimens  were  unloaded  at  5000-psi  intervals. 
•Ms.stram  curves  are  given  in  plates  2-10.  Most  of  the  specimens 
f  stress-strain  relationship  of  the  plastic-elastic  type,  i  e 

—  Ion  P^e  ^  +CraC-  CI°9ing‘  followed  ^  a  definite  steeper  Unear  " 

«  •5yS!er*SXa  °pS  were  essentially  closed;  little  residual 
*rcent  the  def°rmation  moduli,  a  tangent  at 

.  .v  .y  f  t^e  “ltlPate  strength  was  ''onstruefed  as  a  dashed  line 

i  Dl^»*t7Str?ln  CUfVeS*  A  posttest  Photograph  of  the  test  speci- 
U  ’  Sh°WS  the  nature  of  failure ,  steep  sided  coning, 

'■•lent  m  compressive  tests  of  brittle  rock. 

of  deformation 

57-  Young's  modulus,  shear  modulus,  bulk  modulus,  and  Poisson’s 
N-ncvl  ,COr?d  three  satnples  by  the  dynamic  (fundamental 
1  -ticallv  fh0d  ^  °n  iheJ unconfined  compressive  strength  specimens 

-  r  W  be1ow:Pr°Ximat  y  PCrCftnt  °f  the  UUimate  strength.  Results 


|  riven  below: 

l  _  Young’s  Modulus 
r  *  Elasticity, 

• — ■  _ _ psi  x  10fi 


Shear  Modulus 


(Modulus  of  Rigidity),  Modulus, 
psi  x  10s  ps i  x  10* 


Poisson's 

Ratio 


Dynamically 


(Continued) 


Warren  Siting  Area:  Core  No.  2  (CR-42);  Scries  I  Tests 


(Continued) 


Core 

No. 

Young’s  Modulus 
of  Elasticity, 
psi  x  I0fl 

Shear  Modulus 
(Modulus  of  Rigidity), 
psi  x  10** 

Bulk 
Modulus, 
psi  x  IQ*’ 

Poiss; 

Rati-/ 

2a 

10.21 

Statically 

4.  l'» 

6. IS 

0.22 

3a 

8.43 

3.73 

3.92'* 

0.  la* 

7a 

10.  *2 

4.11 

8.39 

0.2? 

12a 

9.75 

4.06 

5.42 

0.2'.' 

13a 

9.89 

3.77 

8.63 

0.31 

15a 

10.25 

4.19 

4.  IS 

0.22 

17a 

9.21 

4.05 

4.22* 

0.14* 

18a 

9.80 

3.74 

3.61 

0.31 

19a 

11.77 

4.72 

7.87 

0.25 

Avg  Static  10.00 

4.06 

7.33 

0.27 

*  Deleted  from  average. 


18.  The  moduli  are  comparable  to  those  obtained  on  the  Laramie 
core.  Computation  of  static  results  at  50  percent  of  the  ultimate 
strength  results  in  hirher  moduli  compared  to  the  dynamic  results 

due  to  the  higher  stress  levels  involved.  Low  bulk  moduli  on  specimen 
3a  and  17a  are.  the  result  of  low  Poisson’s  ratio  obtained  on  these  tv? 
specimens. 

Velocity  measurements 

19.  The  comprcssional  velocity  was  determined  directly  as  the 
sonic  propagation  velocity,  and  the  shear  wave  velocity  was  deternir.r' 
from  the  torsional  frequency  obtained  in  the  moduli  determinations. 


Compiesrional 

Shear 

Core 

Pulse  Velocity, 

Velocity, 

No. 

f  ps 

fps 

4 

16,780 

9540 

12 

15,610 

9680 

17 

13,615 

7980 

Avg 

15,340 

9070 

The  shear  velocity  is  approximately  59  percent  of  the  compressions! 
velocity. 


Warren  Siting  Area:  Core  We.  2  (CR-42) ;  Series  II  Teata 


Results 


rdrostatic  compression 


21.  Hydrostatic  compressive  tests  were  conducted  on  three  specie 
mens,  one  each  to  pressures  of  9000,  18,000,  and  36,000  psi.  The 
specimens  were  prepared  in  a  Banner  similar  to  the  unconfined  coapre»si*« 
tests  except  that  the  tests  at  18,000  and  36,000  psi  were  conducted  on 
1.5-in. -diameter  specimens  recored  from  the  NX  size  cores  so  as  to  hav« 
sufficient  axial  load  capacity  to  fracture  the  specimens.  Some  difficalt* 
was  experienced  with  the  gages  on  the  CR-42  cores.  The  vertical  gagas  o* 
the  specimen  tested  to  9000  psi  (12b)  and  both  vertical  and  horizontal 
gages  on  the  specimen  tested  to  36,000  pal  (4b)  failed  under  the  hydro¬ 
static  pressure.  Stress-strain  corves  for  the  horizontal  and  vertical 
deformations  for  specimen  4a  and  the  horizontal  deformation  for  specimia 
12b  are  given  in  plates  12,  13,  and  14,  respectively.  Utilizing  the 
results  of  loading  cycles  3  and  4,  the  bulk  modulus,  K,  was  computed 
for  specimen  4a  from  the  relation: 


ei  ♦  «2  *  6 3 


where: 


a  *  hydrostatic  stress 
ej  *  vertical  strain 
62  =  63  *  horizontal  strain 

The  bulk  modulus  was  computed  for  specimen  12b  by  using  the  horizontal 
strain  thrice. 


Specimen 

No. 


Maximum 
Stress,  psi 


Bulk  Modulus, 
K.  psi 


12b  9,000  5.00 

4a  18,000  6.67 

The  bulk  moduli  agree  quite  well  with  the  dynamically  determined  moduli 
(paragraph  17).  The  almost  equal  strains  obtained  in  the  vertical  and 
horizontal  directions  on  specimen  4a  Indicate  isotropy  in  this  particulw 
specimen. 
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Warren  Siting  Area:  Cire  Nc,  2  (CR-42):  Series  II  Test s 


t, ( axial  compression 

22.  Triaxial  testa  were  conducted  on  the  same  specimens  utilized 
i:x  the  hydrostatic  tests  at  confining  pressures  equal  to  the  hydrostatic 
rr«»* ures  previously  applied.  Stress-strain  curves  are  given  in  plates' 

;5  and  16  for  specimen a  4a  and  12b,  respectively.  Young's  modulus 
<3sputed  as  the  initial  tangent,  and  Poisson's  ratio  for  specimen  4a 
•*re  12.0  x  10  pai  and  0.25,  respectively. 


23.  The  Mohr 'a  circles  for  all  tests  are  given  in  plate  17.  The 
5 °P e  «**  constructed  utilizing  the  results  of  the  unconfined,  the 
55.000,  and  the  35,000  psi  triaxial  tests  of  the  weaker  rock.  An  initial 
,;*1«  of  shearing  resistance  of  approximately  45  degrees  and  a  slightly 
fsrving  envelope  are  indicated  for  the  less  competent  material  The 
saconfined  strength  (22,000  psi)  and  the  one  triaxial  test  at *9000  pai 
routining  pressure  on  the  better  rock  indicate  a  higher  initial  envelope 
tegle,  52  degrees. 


24.  The  compress ional  wave  velocity  waa  recorded  during  teat  to 
{*i!ure  of  two  specimens,  4a  and  4b.  Equipment  malfunction  prevented 
•ti.urements  during  test  of  specimen  12b.  Results  are  given  below: 


Specimen  4a 

Axial 

Wave 

Stress , 

Velocity, 

_ E*i _ 

fps 

0 

18,940 

IS, 000  (hydrostatic) 

20,830 

».000 

21,930 

tt.000 

23,140 

*5.000 

24,500 

•A!, 000 

24,500 

Specimen  4b 


Axial 

Stress , 
psi 

Wave 

Velocity 

fpa 

0 

18,940 

36,000 

(hydrostatic) 

20,830 

50,000 

21,930 

75,000 

23,140 

100,000 

24,500 

125,000 

26,040 

150,000 

26,040 

i;.'/  ?K*bl*  dJfficuIty  «•*  experienced  in  obtaining  a  valid  wave  pictutm. 

,f  *h?“ld  be  consider*d  0*»ly  spproximate  due  to  the  necessity 

•^ver  7  *a#U  *pecim*ns  <1-5  in.  diameter,  3  in.  long). 

’  indlc*tions  are  that  the  velocity  does  change  somewhat  under 
*•«.  A  poattest  photograph  of  the  test  specimen  is  given  in  plate  18. 


t n  Con£lned  expression  tests  were  conducted  on  two  specimens 

m.  ••  the  teat  specimens.  Confining  pressure 

PPlled  to  prevent  lateral  straining  at  axial  load  was  applied  by  the 
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Warren  Siting  Area:  Core  No.  2  (CR-42);  Series  II  Tests 


piston.  Therefore,  a  pseudo  one-dimensional  state  of  stress  was  induced 
from  which  can  be  computed  a  constrained  modulus.  The  axial  stress-  * 
strain  curves  are  given  in  plates  19  and  20.  The  lateral  stress  required 
to  maintain  a  condition  of  no  lateral  strain  is  given  on  the  far  left  of 
the  curves.  The  gages  failed  after  7500  pat  lateral  pressure  had  been 
applied  to  specimen  14a. 

26.  The  constrained  modulus,  ,  may  be  computed  from  theory  of 
elasticity: 

M  -  E  Cl-u) 
c  '  <l*u)(l-2u) 

where: 


S  *  Young's  modulus 
u  *  Poisson's  ratio 

Using  the  results  from  the  trisxial  test  of  the  more  competent  asterisl 
(8  «  12.0  x  106  psi;  u  *  0.25),  the  constrained  modulus  is  computed  to 
be  14.4  x  106  pai.  The  constrained  modulus  computed  on  the  linear  portion 
of  the  stress-strain  curve  for  specimen  15a  is  approximately  15.0  x  10°  pit. 
Good  agreement  ia,  therefore,  indicated  between  the  theoretical  and  expert- 
mental  results. 
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PLATE  19 


WARREN  SITING  AREA 


\  W  ~  [ 


V  * 

=■=  -»■  f'*-.-''  ^ 


Core  No.  8  (Hole  CR-48) 

1.  Fourteen  pieces  of  core  were  received  from  th'e  Warren  area 
on  12  October  19f>8,  designated  CR-^S  core.  Nunbers  were  assigned  as 
indicated. 


Sample 


Specimen 

Designation 


Approximate 
Depth,  ft 


2.  The  hole  from  which  the  core  was  taken  was  located  in  Larimer 
County,  Colorado,  township  12N,  range  70V,  section  20. 


-  •-***-— \  -+  x1  ■--  ■ 


Warren  Siting  Area:  Core  .No.  R  (Hole  CR-48);  Series  I  Tests 


Results 


petrographic  examination 


3.  About  15  ft  of  NX  roc’:  core  in  14  pieces,  representing  three 
denths  in  hold  CR-48,  were  received  in  October  19*8  for  testing.  The 
petrogranhic  sample  is  identified  below: 


CD  Serial  No. 


Piece  No. 


Depth,  ft  Length,  ft 


SAMSO-2  DC-10  8  (top  portion) 


4.  All  14  nieces  of  core  were  similar  in  appearance  except  that 
the  patches  of  black  hornblende  and  biotite  in  the  middle  portion  of  " 
piece  8  were  smaller  in  size  and  more  numerous  than  in  the  rest  of  the 
nieces. 

5.  The  broken  surfaces  of  the  pieces  of  core  appeared  to  represent 
fresh  fractures  associated  with  the  drilling  procedure  rather  than  old 
fractures. 

5.  The  test  procedure  was  similar  to  that  followed  in  examining 
the  other  samples  of  this  series. 

7.  The  rock  in  this  core  is  coarse-grained,  reddish  granite 
(photograph  1)  composed  of  pink  nicrocline,  white  plagioclase  feldspar, 
quartz,  and  biotite,  with  smaller  amounts  of  hornblende,  Uaolinite, 
pyroxene,  calcite,  muscovite,  and  an  opaque  mineral.  The  plagioclase 
is  either  albite  or  oligoclase.  There  is  some  alteration  of  the 
feldspars,  mainly  of  the  plagioclase,  to  kaolinite. 

8.  Comparison  with  the  reddish  granite  from  core  hole  CR-42 
indicates  that  the  rock  in  the  two  cores  is  similar  except  that  the 
CR-48  cores  contain  abundant  biotite  which  was  virtually  absent  in 

CR-42  cores.  The  CR-48  cores  do  not  contain  the  limonite-coated  fractures 
**»ich  were  common  in  CR-42. 


Schmidt  number,  specific 


porosit 


and  tensile  strength 


9.  Three  specimens  from  each  depth  interval  were  selected  for  the 
basic  test .  Due  to  the  apparent  uniform  nature  of  the  rock,  only  the 
three  samples  from  the  middle  interval  were  subjected  to  all  tests, 
"nsults  are  given  below: 


ron  Siting  Area:  Core  No.  8  (Hoi 


.■arren  Siting  Area;  Core  No.  3  (Hole  CR-48) ;  Series  I  Tests 


_ Schmidt 

Rebound  Standard  Specific 

Number  Deviation  Gravity 


Sample  A  -  30-ft  Depth 


Porosity 


Tensile 
Strength, 
ns  i 


57.4 

4.91 

2.558 

— 

1055 

;* 

57.3 

4.95 

2.558 

— 

1260 

** 

55.0 

3.54 

2.554 

- 

1360 

55.5 

4.50 

2.557 

- 

1230 

Sample  B  - 

95-ft  Depth 

58. 1 

4.25 

2.552 

0.5 

1205" 

** 

59.3 

3.54 

2.574 

0.0 

1235 

57.9 

4.41 

2.552 

0.5 

1080 

*r* 

58.4 

4.10 

2.555 

0.4* 

1.175 

Sample  C  - 

185-ft  Denth 

•  * 

54.9 

3.21 

2.6*2 

1295 

'  m 

57.9 

3.43 

2.553 

- 

1125 

58.1 

4.50 

2.555 

_ 

1185 

+  ’* 

57.0 

3.71 

27??4 

— 

1200 

•Mentions  are  that  the  CR-48  core  is  a  relatively  uniform,  moderately 
*****  aaterial  of  little  porosity.  __ 

tests 

i 

*5*  Direct  single  plane  shear  tests  were  conducted  on  one  sample 
of  the  three  depth  intervals.  Shear  strengths  of  1310,  1450, 
c-e*^  psi  (average  1450  psi)  were  obtained  on  specimens  2c,  7c,  and 
v  respectively.  A  posttest  phi-tograph  of  the  test  specimen  is  given 
'  ’nr  1. 

,lji«ined  connressive  strength  tests 

*'•  Conventional  unconfined  comprassive  strength  tests  were  conducted 
^‘^clf-ens  from  the  upper  and  lower  depth  intervals  and  cyclic  compressive 
*  '0  specimens  from  the  middle  depth  interval.  Results  are  given  below: 
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Core  No. 


Depth,  ft 


Unconfiried  • 

'  Compressive 
Strength,  nsi 


la 

27 

17,110 

2b 

28 

20,170 

4b 

30 

21,310 

Avg 

29 

19,530 

5a 

95 

21,300 

5b 

95 

21,900 

7a 

97 

23,000 

Avg 

95 

22,070 

’0a 

183 

’24,230 

l?a 

134 

23,030 

13b 

185 

24,310 

Avg 

185 

24,020 

Only  a  slight  change  of  strength  is  evident  with  depth,  hardly  sufficient 
to  be  of  consequence  in  a  material  such  as  rock. 

12.  The  specimens  from  the  middle  depth  interval  had  two  vertical 
and  two  horizontal  electrical  resistance  strain  gages  affixed  in  order 
to  measure  strain  during  testing.  Unloading  cycles  were  made  at  500.1- >>si 
intervals  up  to  15,000  psi.  Stress-strain  curves  are  given  in  plates  2, 

3,  and  4.  Tue  stress-strain  relationships  were  linear  almost  to  failure; 
hysteresis  was  negligible.  Tocbmpute  the  deformation  moduli,  a  tangent 
at, 50  percent  of  the  ultimate  strength  was  constructed  as  *;  dashed  line 
on  the  stress-strain  curves.  A  posttest  photograph  of  the  test  specimens, 
plate  5,  shows  the  nature  of  failure,  steep  sided  coning. 


13.  Young's  modulus,  shear  modulus,  bulk  modulus,  and  Poisson's 
ratio  were  computed  on  sample  No.  8  by  the  dynamic  (fundamental  frequency) 
method  ana  on  the  unconfined  compressive  strength  specimens  statically  at 
approximately  50  percent  of  the  ultimate  strength.  Results  are  given 
below: 


Poisson's 

Ratio 
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e  CR-48) ;  Series  I  Teats 
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■-Core 

No. 

Young's  Modulus 
of  Elasticity, 
psi  x  105 

Shear  Modulus 
(Modulus  of  Rigidity), 
psi  x.  10^ 

BulU 
Modulus, 
osi  x  10* 

Poisson 

Ratio. 

Statical ly 

5a  . 

9.90 

3.93 

5.88 

0.2« 

6b 

9.80 

3.83 

7.42 

0..2S 

7a 

9.40 

3.76 

6.27 

0.25 

Velocity  measurements 

14.  The  conpressional.  wave  velocity  was  determined  directly  as 
the  sonic  propagation  velocity  on  specimen  No.  3  to  be  18,260  fps.  The 
shear  wave  velocity  was  determined  from  the  torsional  frequency  obtained 
in  the  moduli  determinations  to  be  10,885  fps,  60  percent  of  the  compres- 
sional  velocity. 


Conclusions 

15.  The  CR-48  core  is  identified  as  a  coarse-g.  ined,  reddish  granite 
similar  to  the  core  from  hole  CR-42  except  that  the  CR-48  cores  contain 
abundant  biotite  which  was  virtually  absent  in  CR-42  cores’.  The  cere  is 
relatively  uniform  with  depth,  although  not  as  uniform  as  the  core  from 
hole  CR-39.  Consensus  results  of  physical  properties  are: 


Property 

Result 

Specific  gravity 

2.66 

Percent  porosity 

0.4 

Compressive  strength,  psi 

21,870 

Tensile  strength,  r>si 

1,200 

Young's  modulus,  psi  x  10fi 

9.7 

Compressions!  wave  velocity,  fps 

18,280 

. .  j.y.v^s.-^vL'^.aiaL1  ''ii'iV1'  ili^i^,l'1 
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WARREN  SITING  AREA 

Core  No.  7  (Hole  CR-10) 

1.  Thirteen  pieces  of  core  were  received  fron  the  Warren  area 

on  7  October  1958 ,  designated  CIt-10  core. 

Numbers  were  assigned  as 

indicated. 

. 

Specimen 

Approximate 

Sample 

Designation 

Depth,  ft 

A 

1 

28 

A 

2 

29 

A 

3 

5* 

A 

4 

59 

B 

5 

140 

B 

5 

141 

B 

7 

143 

B 

8 

144 

C 

9 

190 

C 

10 

191 

C 

11 

192 

C 

12 

194 

C 

13 

195 

2.  The  hole  fron  which  the  core  was 

taken  was  located  in  Albany 

County,  Wyoming,  township  24N-,  range  73W, 

section  14. 

STOWS®) 


.arren  Siting  Area:  Core  No.  7  (Hole  CK-10);  Series  I  Tests 


Results 


^♦m.iraphic  examination 

3.  About  15  ft  of  NX  rock  core  from  three  depths  in  hole  CR-10 
^ra  received  7  October  19*8  for  testing.  The  petrographic  sample 
described  below: 


CD  Serial  No. 


Piece  No. 


Depth,  ft  Length,  ft 


SA'130-2  9C-*  8  (too  portion) 


4.  The  test  procedure  was  similar  to  that  used  for  previous  samples 
t»  this  series. 

5.  The  two  pieces  of  core  representing  depths  between  27.9-29.9  ft 
were  white  pegmatite  like  that  shown  in  the  central  portion  of  photograph 
1.  All  of  the  other  11  pieces  were  more  like  the  top  and  bottom  parts  of 
the  core- length  shown  in  photograph  1. 

The  piece  of  core  shown  in  photograph  1  is  not  a  typical  length 
cf  core,  but  it  does  have  the  advantage  of  showing  the  extremes  of  appearance 
in  one  piece  of  core.  The  black  rock  at  each  end  of  this  piece  is  typical 
•f  most  of  the  rock  in  this  core.  However,  alternations  in  composition  and 
mwarancc  as  evidenced  by  photograph  l  are  common  in  rocks  of  this  type . 

7.  The  core  was  logged  in  the  field,  as  gneiss,  and  this  is  a  suitable 
designation  for  this  rock.  Gneiss  is  the  rock  name  for  a  metamorphic  rock 
that  shows  alternating  layers  of  light  and  dark  colored  minerals.  This 

vas  originally  an  igneous  rock,  probably  a  tonalite. 

8.  The  typical  black  gneiss  in  this  core  is  composed  of  quartz, 
*>lagioclase  feldspar,  and  biotite  with  much  snaller  amounts  of  r.mphibole 
(colorless),  nicrocline,  and  kaolinite.  The  plagioclase  is  albite  or 
n!igoclase  and  is  not  much  altered  to  clay  or  sericite. 

9.  The  white  pegmatite  contains  the  same  minerals  as  the  black 
enciss  but  in  different  amounts.  There  is  less  biotite  and  more  quartz 
*tui  microcline  in  the  white  rock  than  in  the  black  material. 

10.  All  of  the  rock  is  median  grained  and  fairly  equigranular  with 
Httle  development  of  crystal  outline  by  individual  grains. 


and  tensile  strength 


r;  ichmidt  number,  specific  gravity,  porosity 

‘  11.  Three  specimens  from  each  depth  interval  were  selected  for 

^  the  basic  tests.  Results  are  given  below: 


Schmidt 

Tensi le 

Rebound 

Standard 

Specific 

•t 

9 

Strength 

Core 

Number 

Deviat ion 

Gravity 

Porosity 

psi 

fi 

- 

Sample  A  - 

30 -ft  Deoth 

L  lb 

58.9 

5.03 

2.635 

0.0 

1290 

i-  2a 

55.7 

4.45 

2.533 

0.4 

1435 

i  2c 

* 

* 

2.827 

0.9 

* 

Avg 

573 

U4 

2.632 

0.4 

1360 

Sample  B  - 

140 -ft  Depth 

6a 

52.5 

3.87 

2.753 

0.0 

350 

7a 

54.7 

3.97 

2.724 

0.0 

1U*0 

8b 

56.7 

4.55 

2.712 

0.6 

1225 

Avg 

54.6 

4.15 

2.730 

0.2 

1070 

Sample  C  - 

195-ft  Depth 

13b 

54.8 

4.63 

2.752 

0.4 

1160 

12c 

55.0 

3.76 

2.722 

0.7 

975 

13c 

52.9 

4.04 

2.744 

1.1 

800 

Avg 

54.2 

4.14 

2.739 

0.7 

989 

*  Soecinen  too  short  to  test. 

12.  The  light-colored  gneiss  from  the  upper  elevation  is  not  as 
dense  as  the  other  material,  but  has  a  higher  rebound  number  and  tensile 
strength.  This  may  be  explained  by  the  foliation  in  samples  from  the 
lover  elevations  which  could  be  exoected  to  result  in  lower  strength 
indications. 

•Shear  tests 


13.  Direct  single  plane  shear  tests  were  conducted  on  three 
samples  of  the  foliated  gneiss.  Shear  strengths  of  1370,  1220,  and 
1543  psi  (average  1370)  were  obtained  on  samples  *>d,  8c,  and  12a, 
respectively.  A  oosttest  photograph  of  the  specimens  is  given  in 
Plate  l. 


Unconfined  compressive  strength  tests 


14.  Conventional  unconfined  compressive  strength  tests  were 


conducted  on  specimens  from 

the  upper 

and  lower  depth  intervals  and 

cyclic  compressive  tests  on 
P.esults  are  given  below: 

specimens 

from  the  middle  depth  interval 

Unconfined 

Compressive 

Core  No. 

Depth,  ft 

Strength,  psi 

la 

28 

28,000 

1c 

28 

30,700 

2b 

29 

31.100 

Avg 

28 

29,930 

5a 

140 

16,800 

6c 

141  s 

12,100 

8a 

144 

23,100 

Avg 

142 

17,335 

9a 

190 

12,000 

10a 

191 

14,300 

13b 

196 

13,500 

Avg 

192 

13,270 

IS.  All  specimens  had  two  vertical  and  two  horizontal  electrical 
resistance  gages  affixed  in  order  to  monitor  strain  during  loading. 
Unloading  cycles  were  made  at  5000  and  10,000  psi  on  the  cyclic  tests. 
Stress-strain  curves  are  given  in  plates  2-10.  The  hysteresis  loops 
were  small  and  closed.  A  posttest  photograph  of  the  test  specimens, 
plate  11,  shows  the  nature  of  failure,  steep  sided  coning,  prevalent 
in  the'  more  solid  specimens  from  the  upper  elevation.  The  foliated 
specimens  failed  along  the  bands  of  dissimilar  material  in  most  every 
case;  thus,  the  lower  indicated  strengths  for  the  lower  elevations. 

Moduli  of  deformation 


16.  Young's  modulus,  shear  modulus,  bulk  modulus,  and  Poisson's 
ratio  were  computed  on  three  samples  by  the  dynamic  (fundamental 
frequency)  method  and  on  the  unconfined  compressive  strength  specimens 
statically  at  approximately  50  percent  of  the  ultimate  strength.  Resut 
are  given  below: 
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Core 

-So. 

Young's  Modulus 
of  Elasticity, 
psi  x  10* 

Shear  Modulus 
(Modulus  of  Rigidity), 
Dsi  x  10* 

Bulk 
Modulus, 
psi  x  10* 

Poisson's 

Ratio 

Dynamically 

2 

6.87 

3.10 

2.94 

0.11 

8 

9.38 

4.30 

4.70 

0.15 

13 

10.08 

4.20 

5.60 

0.20 

Statically 

la 

8.80 

3.68 

4.38 

0.20 

1c 

3.77 

3.68 

4.72 

0.19  — 

2b 

S..81 

3.54 

5.06 

0.21 

5a 

9.33 

3.73 

6.22 

0.25 

fic 

9.37 

3.47 

10.41 

0.35 

8a 

10.00 

4.07 

6.17 

0.23 

9a 

8.57 

3.17 

9.52 

0.35 

10a 

9.00 

3.78 

4.34 

0.19 

13b 

9.72 

3.86 

6.75 

0.26 

Avg  : 

Static  9.15 

3.67 

6.51 

0.25 

17-  The  Young's  and  shear  moduli  are  relatively  consistent  between 
the  solid  and  foliated  material .  However,  the  Poisson's  ratio  for  the 
foliated  rock  (samples  5a  through  13b)  is  quite  variable  which  results 
In  high  variability  of  the  bulk  modulus. 


Velocity  measurements 

IS.  The  compressional  wave  velocity  was  determined  directly  as 
the  sonic  propagation  velocity;  and  the  shear  wave  velocity  was  deter¬ 
mined  from  the  torsional  frequency  obtained  in  the  noduli  determinations. 


Compressional 
Core  Velocity, 

No.  _ fps _ 


Shear 

Velocity, 

fPs 


2  15,590  9,415 

3  17,890  10,915 

13  18,225  10,835 

Avg  17,240  10,390 


shear  velocity  is  approximately  60  percent  of  the  compressional  velocity. 


r'-  xJb^32"  «^r*« 


%:  Warren  Siting  Area: 


_  IfAtSt-i  .  '&*& }?*?  *V' '  ’ 

v  I'j-  .  «_-?■*  '*/  ?■■  --4V* »  -“*■-  "  —  '  T  «-.  ,  *  '  • 

Core  No.  7  (Hole  CR-40);  Series  I  Testa 


Conclusions 


19.  The  CR-10  core  is  identified  as  a  gneiss.  The  light -colored 
Material  (here  from  the  upper  elevation)  is  significantly  different  fro* 
the  foliated  rock.  The  lower  strength  of  foliated  rock  is  due  to  the 
nature  of  failure — along  the  bands  of  dissimilar  material. 


Property 


Light  Colored 


Foliated 


Specific  gravity 
Percent  norosity 
Compressive-  strength,  psi  # 
Tensile  strength,  psi 
Young’s  modulus,  psi  x  10 
Compressional  wave  velocity,  fps 


2.53 

0.4 

29,930- 
1,350 
8.8 
IS, 590 


2.73 

0.4 

15,300 

1.025 

9.3 

18,0*.} 


mmm 
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Results 


^.«fa«tatic  compression 

20.  Hydrostatic  compressive  tests  were  conducted  on  three  speci- 
one  each  to  pressures  of  9000,  18,000,  and  36,000  psi.  The 
**?{”»ens  were  prepared  in  a  manner  similar  to  the  onconfined  compressive 
jrie«  except  that  the  test  at  36,000  psi  was  conducted  on  a  1.5-in.- 
r.  r*ter  specimen  recored  from  the  NX  3ize  cores  so  as  to  have  sufficient 
*,*1  load  capacity  to  fracture  the  specimens.  Some  difficulty  was 
wxrlenced  with  the  gages  on  the  specimen  tested  to  36,000  psi. 

--billing  the  results  of  loading  cycles  3  and  4,  the  bulk  modulus,  K  , 
computed  from  the  relation: 


a  -  hydrostatic  stress 
C1  =  vertical  strain 
f2  =  *3  =  horizontal  strain 
21.  Information  for  the  specimens  is  given  below: 


Stress-Strain 

Bulk 

Maximum 

Curves  in 

Modulus 

Stress,  psi 

Plates 

K,  psi 

9,000 

12,  13 

6.33 

18,000 

14,  15 

7.43 

36,000 

16,  17 

7.22  Cat  18,000  psi) 

6b  and  6d  strained  almost  equally  in  the  two  mutually  perpen- 
directions;  however,  inisotropy  is  indicated  in  specimen  5b  by 
vw  *n<!<*ua*  strains  measured  in  the  two  different  directions.  However, 

4  -v***  strain  in<all  three  directions  for  the  two  specimens  tested  to 
f  tv  DS*  *s  aPProximately  equal.  This,  of  course,  is  the  significance 

modulus,  i.e.,  the  three  mutually  perpendicular  strains  may  vary 
e  |  but,  when  combined,  they  yield  a  bulk  modulus  comparable  to  a 
^  which  has  strained  equally  in  all  directions.  The  moduli  are 
,tr*ble  to  those  obtained  in  the  Series  I  tests. 
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Triaxial  compression 


22.  Triaxial  tests  were  conducted  on  the  same  specimens  utilised 
for  the  hydrostatic  tests  at  confining  pressures  equal  to  the  hydrostatic 
pressures  previously  applied.  Stress-strain  curves  are  given  in  platen 
IS,  19,  and  20.  The  maximum  deviator  stress,  Young’s  modulus,  computed 
as  the  initial  tangent,  and  Poisson’s  ratio  are  given  below: 


Specimen 

No. 


Confining 
Stress,  psi 


Deviator 
Stress,  psi 


Young’s 
Modulus 
psi  x  10^ 


Poisson's 

Ratio 


9,000 

18,000 

35,000 


58,000 

90,000 

105,000 


Young's  moduli  determined  on  the  triaxial  tests  are  apparently  somewhat 
higher  than  the  moduli  previously  determined  on  the  unc.onfined  tests. 
Possibly  the  lateral  pressure  in  the  triaxial  tests  reduces  the  tendency 
of  the  bedding  planes  to  move  under  load,  resulting  in  less  strain  and, 
hence,  higher  moduli. 

23.  The  Mohr’s  circles  for  all  tests  are  given  in  plate  21.  An 
initial  angle  of  stva-J.-g  resistance  of  approximately  45  deg  is  indi¬ 
cated.  However,  the  failure  envelope  develops  a  pronounced  curvature 
above  9000  psi  confining  pressure  and  appears  to  be  approaching 
linearity  at  36,000  psi  confining.. pressure.  Discretion  must  be  used 
in  interpreting  the  results  of  the  triaxial  test  for  the  CR-10  core. 

The  stratified  nature  of  the  rock  violates  the  first  requirement  for 
a  triaxial  test,  homogeneity  of  the  test  specimen.  Therefore,  the 
apparent  approaching  linearity  of  the  envelope  should  not  be  considered 
the  yield  limit  of  the  rock  in  the  Von  Mises  tradition,  but  probably 
is  a  result  of  the  bedding  and  stratification. 


24.  The  compressions!  wave  velocity  was  recorded  during  test  to 
failure  of  two  specimens,  5b  and  6b.  Equipment  malfunction  prevented 
measurements  during  test  of  specimen  fid.  Results  are  given  below: 


Specimen  5b 


Axial 

Stress, 

psi 

Wave 

Velocity, 

fps 

Axial 

Stress, 

psi 

Wave 

Velocity, 

fps 

0 

17,000 

0 

18,000 

9,000  (Hydrostatic) 

18,570 

18,000  (Hydrostatic) 

19,500 

20,000 

19,000 

20,000 

20,000 

..  30,000 

21,000 

40,000 

20,700 

40,000 

22,500 

60,000  4 

23,400 

50,000 

23,700 

80,000 

25,000 

60,000 

24,500 

90,000 

25,000 

Warren  Siting  Area:  Core  No.  3  (CR-10) ;  Series  II  Tests 


.^jiuerable  difficulty  was  experienced  in  obtaining  a  valid  wave 
'teture,  however,  indications  are  that  the  velocity  does  change 
j-oewhat  undet  stress.  A  posttest  photograph  of  the  test  specimens 
given  in  plate  22. 

/-«fined  compression 

25.  Confined  compression  tests  were  conducted  on  two  specimens, 
and  12b,  prepared  essentially  as  the  triaxial  test  specimens. 

;»nfining  pressure  was  applied  to  prevent  lateral  straining  as  axial 
•-ad  was  applied  by  the  piston.  Therefore,  a  pseudo  one-dimensional 
state  of  stress  was  induced,  from  which  can  be  computed  a  constrained 
'vdulus.  The  axial  stres '.'-strain  curves  are  given  m  plates  23  and  24. 
•y.t  lateral  stress  required  to  maintain  a  dondition  of  no  lateral  strain 
;»  civen  on  the  far  left  of  the  curves. 

25.  The  constrained  modulus,  M  ,  may  be  computed  from: 

M  ~  E  Cl-u) 
c  '(i*uWl-2u> 

/ 

«*>ere:  ' 

E  =  Young's  moduTOs 

IS- 

u  =  ’Poisson’s  ratio 

?«ing  the  average  results  from  the  triaxial  tests  (E  =  12.0  x  105  psi: 

*  *  0.23),  the  constrained  modulus  is  computed  to  be  13.9  x  10s  psi. 

TV  constrained  modulus  computed  as  a  tangent  at  the  midpoint  of  the 
tlress-strain  curves  for  specimens  5e  and  12b  is  approximately 
•S.O  x  10”  psi  for  both  specimens.  Reasonably  good  agreement  is, 
•Vrefore,  indicated  between  the  theoretical  and  experimental  results. 
Significantly,  the  stress-strain  curves  for  this  rock  are  nonlinear  at 
*V  30,000  psi  lateral  pressure  level  as  were  those  for  the  soda  diorite 
inn  the  Laramie  area.  The  CR-42  material,  however,  developed  a  linear 
•iress-strain  relationship  at  higher  lateral  pressure. 
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WARREN  SITING  AkEA 


Core  No.  10  (Rf le  CR-15) 


1.  Nineteen  pieces  of  core  were  received  from  the  Warren  «-ea 
on  11  October  19*58,  designated  CR-15  core.  Numbers  were  assigned  as 
indicated. 


Specimen 

Approximate 

Sample 

Designation 

Depth,  ft 

A 

1 

75 

A 

2 

76 

A 

3 

78 

A 

4 

80 

A 

5 

93 

A 

8 

94 

A 

7 

95 

B 

8 

109 

B 

9 

110 

B 

10 

111 

C 

11 

119 

C 

12 

120 

C 

13 

120 

C 

14 

.121 

C 

15 

188 

C 

*16 

189 

C 

17 

190 

C 

18 

191 

C 

19 

192 

2.  The  hole  from  which  the  core  was  taken  was  located  in  Albany 
County,  Wyoming,  township  21N,  range  72W,  section  8. 
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Result; 


..tr.^-r.-iphic  examination 


3.  About  13  ft  of  NX  core  from  several  depths  in  holt  CR-15  was 
arrived  in  October  19*8  for  resting*  The  petrographic  specimens  are 
: notified  below: 

CU  Serial  No. 

SAMSO-2  DC- 8 
SAMS 0-2  DC-S 
.SAMSO-2  DC-S 


Piece  No. 


9  (top  portion) 
17  (top  portion) 


Depth,  ft  Length t  ft 


7* 

110 

190 


1/4 

1/3 

1/3 


U.  The  core  sample  included  banded  pegmatitic  gneiss  as  well  a v 
•» Jim-grained  amphibolite.  The  distribution  in  the  core  samples  is 


Rock  Type 


below: 

Piece 

Approximate 

No. 

Length,  ft 

1-7 

4) 

11-13 

2) 

8-10 

2 

14-19 

5-1/2 

Medium-grained  amphibolite 

White  gneissic  pegmatite 
Banded  amphibolite  and  pegmatite 

5.  The  entire  core  is  metamorphic  rock.  Most  of  the  fracture 
effaces  appeared  to  be  fresh,  but  a  few  were  old  breaks,  partially 
fevered  with  a  thin  layer  of  calcite. 

5.  The  test  procedure  was  generally  similar  to  that  followed  for 
“•*  other  samples  in  this  test  series.  X-ray  diffraction  patterns  of 
dark  amphibolite  and  of  the  pale  gray  pegmatitic  gneiss  were  made. 

*'*  handed  rock  was  examined  on  sawed  and  broken  surfaces.  Two  thin 
wet  ions  of  amphibolite  were  examined. 

7.  The  typical  roek  of  this  core  is  medium-grained  amphibolite 
'■^cosed  largely  of  hornblende  and  plagioclase,  with  some  quartz  and 

‘le  chlorite,  biotite,  yellow  iron  sulfide,  and  probably  pyroxene. 

1.  The  white  gneissic  pegmatite  in  pieces  8-10  is  coarser  grained 
•n  the  amphibolite  and  consists  largely  of  plagioclase  and  quartz  with 
1  *ittle  biotite. 

4.  The  material  in  pieces  14-19  is  predominantly  amphibolite  with 
***  narrow  bands  of  white  gneissic  pegmatite. 
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10.  Photocranb.  1  shows  the  vell-deve loped  foliation  and  the  {(rain 
size  of  the  amphibolite.  Photograph  2  illustrates  the  appearance  of  thr 
banded  amphibolite  gneiss. 


Schmidt 

number ,  srec 

if ic  eravity. 

porosity,  tensile  strength 

•i 

11 

.  Three  stec 

imer.s  from  each  depth  interval  were  selected  for  thr 

'i  5 

> 

basic 

tests.  Resol 

ts  are  given 

below: 

St 

| 

Szrrz 

lit 

Tensi le 

Rebound 

standard 

Specif  ic 

„*» 

,0 

Strength, 

s  % 

Core 

Number 

deviation 

Gravity 

Porosity 

psi. 

Sample  A  - 

SO-ft  Depth 

/ 

2a 

50.7 

2.53 

3.053 

0.0 

2260 

“ 

3b 

52.7 

3.70 

3.078 

0.0 

2150 

7b 

54.2 

4.17 

3.062 

0.0 

2375 

Avg 

52.5 

3.50 

3.064 

0.0 

2260 

Sample  B  - 

110-ft  Depth 

: 

8a 

57.0 

3.20 

2.674 

0.0 

1070 

8c 

1,5.7 

5.03 

2.704 

0.0 

1240 

10b 

59.9 

4.02 

2.691 

0.0 

1095 

Avg 

57.5 

4.03 

2.6S0 

0.0 

1135 

Sample  C  - 

190-ft  Depth 

14b 

53.5 

3.47 

2.898 

0.0 

1795 

16b 

54.8 

4.51  . 

2.965 

0.0 

2575 

18a 

53.7 

4.42 

2.931 

0.0 

2300 

Avg 

53.9 

4.17 

2.931 

0.0 

2220 

12.  The  light-colored  gneiss  from  the  110-ft  depth  is  substantially 
different  from  the  darker  material.  The  banded  rock  from  the  110-ft  dart*1 
apparently  represents  an  average  combination  of  the  two  extremes.  The 
unusually  high  indicated  tensile  strengths  from  the  upper  and  lower 
depths  should  be  considered  with  respect  to  the  nature  of  the  rock. 

Tested  across  the  bands,  as  done  here,  foliated  specimens  would  be 
expected  to  give  a  higher  indicated  strength  than  specimens  tested  alonr 
the  foliation. 
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Shear  tests 

13.  Direct  single  plane  shear  tests  were  conducted  on  samples 
of  the  foliated  roc’:.  Shear  strengths  of  11*10,  1225,  and  1285  osi 
(average  1213  psi)  were  obtained  on  specimens  13a,  15a,  and  18b, 
respectively.  The  shear  strengths  are  unusual ly  low  when  compared 

to  the.  tensile  and  c oppressive  strengths.  However,  they  are  orobably 
representative  of  the  shear  strength  of  the  material  since  the  shearing 
force,  was  applied  almost  parallel  to  the  foliation.  A  posttest  photograph 
of  the  test  specimens  is  given  in  plate  1. 

L'nconfincd  compressive  strength  tests 

14.  UnconHned  compressive  strength  tests  were  conducted  on  three 
specimens  each  from  the  three  depth  intervals.  One  of  each  group  was 

a  cyclic  test.  Sesults  are  given  below: 


Core  No. 


Depth,  ft 


Unconfined 
Compressive 
Strength,  psi 

27,500 
27,700 
37 , 100 
30,770 


8b* 

109 

27,200 

9b 

no 

23,200 

10a 

11! 

37,200 

Avg 

110 

29,200 

13b* 

120 

40,700 

lcC 

189 

30,900 

17b 

190 

27.100 

Avg 

155 

32,900 

*  Cycled. 

15.  The  difference  in  material  is  not  perceptible  in  the  compressive 
strength  results;  however,  the  strength  is  quite  variable  which  could  be 
attributed  to  the  foliated  nature  of  the  roc':.  All  specimens  had  two 
vertical  end  two  horizontal  electrical  gages  affixed  in  order  to  monitor 
strain  during  loading.  Unloading  cycles  were  made  at  5000-psi  intervals 
*!P  to  15,000  psi  on  the  cyclic  specimens.  Stress-strain  curves  are  given 
in  plates  2-10.  The  hysteresis  loons  were  small  and  closed.  K  posttest 
''hotograoh  of  the  test  specimens,  plate  11,  shows  the  nature  of  failure, 
steep  sided  coning. 


Moduli  of  deformation 


l*.  Young's  modulus,  shear  modulus,  bulk  modulus,  and  Poisson  j 
ratio  were  computed  on  three  samples  by  the  dynamic  (fundamental 
frequency)  method  and  on  the  unconfined  compressive  strength  specimen* 
statically  at  approximately  50  percent  of  the  ultimate  strength. 
Results  are  given  below: 


Core 

No. 

Young’s  Modulus 
of  Elasticity, 
psi  x  lO*’ 

Shear  Modulus 
(Modulus  of  Rigidity) , 
psi  x  10^ 

Bulk 
Modulus, 
psi  x  10fi 

Poisscn* 

Ratio 

6 

15.22 

Dynamically 

6.50 

7. 55 

0.17 

8 

★ 

* 

* 

♦ 

15 

13.52 

5.80 

6.83 

0.17 

3a 

13.10 

Statical ly 

5.24 

8.73 

0.25 

5a 

15.20 

5.98 

11.01 

0.27 

7a 

15.00 

6.35 

11.11 

0.2< 

8b 

11.20 

4.65 

6.22 

0.2:- 

9b 

11.50 

4.79 

6.66 

0.21 

10a 

12.  CO 

4.88 

7.41 

0.23 

13b 

15.30 

6.57 

10.45 

0.2b 

l^c 

13.30 

.5.32 

3.87 

0.2S 

17b 

13.50 

5.53 

8.04 

0.22 

*  Could  not  be  determined. 

17.  A  cursory  examination  of  the  data  reveals  that  the  rock  fr-*» 
the  middle  interval,  specimens  8b,  9b,  and  10a,  is  slightly  more  defer 
than  the  other  material . 

Velocity  measurements 

18.  The  compressional  wave  velocity  was  determined  directly  »*  : 
sonic  propagation  velocity,  and  the  shear  wave  velocity  was  determine* 
from  the  torsional  frequency  obtained  in  the  moduli  determinations. 


.'.H 

>*W’ 
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Compressions! 
Core  Velocity, 

No.  _ fps _ 


Shear 
Velocity, 
f  os 


5  18,975  12,705 

9  15,905  * 

15  18,280  12,130 


Could  not  be  determined . 

The  shear  velocity  is  approximately  57  percent  of  the  compressional 
velocity. 


Conclusions 


19.  The  CR-15  core  is  identified  as  an  amphibolite.  -The  three 
samples  received  from  three  depth  intervals  were  different  in  physical 
properties  as  indicated  below: 


_ Property _ 

Color 

Specific  gravity 
Percent  porosity 
Compressive  strength,  psi 
Tensile  strength,  psi 
Young's  modulus,  psi  x  10* 
Compressional  wave  velocity,  fps 


Upper  Midd  le  Lower 


Dark 

Light 

Banded 

3.05 

2.69 

2.93 

0.0 

0.0 

0.0 

30,770 

<*,200 

32,900 

2,250 

1,135 

2,220 

14.8 

11.5 

14.4 

18,975 

15,905 

18,280 

! 
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U.  S.  ARMY  eNGINEER  WATERWAYS  EXPERIMENT  S.ATION 

CORPS  OF  ENGINEERS 
OFFICE  OF  THE  DIRECTOR 
Vicksburg.  n:«n$im  sbibi 


TO  L-W 


WESCC 


11  February  1959 


SUBJECT:  Thermal  Property  Tests  of  Warren  Area  Cores 


Commander 

Space  and  Missile  Systems  Organization 
ATTN:  lLt  E.  C.  Tart,  Jr.  (SMQHF) 

Morton  Air  Force  Ease,  California  91409 


1.  As  requested  by  lLt  P..  G.  Tart,  Jr.  of  your  office  and  Mr.  M.  V.  Anthony 
of  TRa',  Inc.,  thermal  property  tests  were  conducted  on  samples  of  core  from 
four  holes  in  the  Warren  Siting  Area:  CP.-4,  15,  19,  and  35.  The  thermal 
diffusivity  and  specific  heat  were  determined  by  test,  and  the  thermal 
conductivity  was  calculated  for  each  of  the  samples. 

2.  The  ores  were  sawed  to  5-in.  lengths  and  drilled  axially  with  s^ll 
diamond  drills.  An  iron-constantan  thermocouple  coated  with  waterproof 
cement  was  placed  at  the  center  of  each  core  and  grouted  in  place.  The 
thermocouple  vai  connected  in  series  with  a  similar  thermocouple  placed 
in  a  coaling  bath  to  form  a  differential  thermocouple  system  which  was 
connected  to  a  potentiometer .  The  cores  were  placed  in  heating  baths 
and  brought  to  equilibrium.  At  the  120  F  equilibrium  te-nperature,  readings 
vere  taken  cr.d  Vie  specimen  suddenly  i-narsc*  in  a  cooling  bath  of  running 
water  at  about  50  F.  Temperature  readings  accurate  to  0.02  F  were  taken  et 
various  tir.e3  during  the  cooling  period.  The  tires  were  noted  to  within  a 

|  few  thousandths  of  a  minute.  The  tive-tenperatu-c  cooling  curves  vere  then 

graphed.  The  thermal  diffusivities  of  the  cores  were  computed  from  the 
t  tine-temperature  curves  by  use  of  the  following  formula: 

T/T  -  C<h2t  )  x  ^ 

f  0  (60=2)  (SOL*) 

\  where: 

T  -  temperature  difference  at  time  t,  F 
TQ  3  initial  temperature  difference,  F 
h*  =  diffusivity,  £t*/hr 

* 

R  =  radius  of  core,  ft 


(Continued) 
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5UBJECT:  Thermal  Property  Tests  of  Warren  Area  Cores 
(Continued) 

t  »  time  after  immersion  in  cooling  bath,  min 
L  *  length  of  specimen,  ft 

C(X)  and  S(X)  are  functions  expressing  a  solution 
of  the  diffusion  equation  for  a  finite  cylinder. 

Explanation  of  and  values  for  these  functions  are 
given  in  Heat  Conduction,  Ingersoll,  1.  R.,  Zobel, 

0.  I.,  and  Ingersoll,  a7  C. ,  pp  183-5,  255,  260, 

McGraw-Hill  Book  Co.,  1948. 

3.  The  specific  heat  was  determined  according  to  the  test  method  CRD-C 
124- '2  (Incl  1).  The  thermal  conductivity  was  computed  from  the  relation 
for  concrete  given  in  method  CRD-C  44-63  (Incl  2). 

* 

4.  The  results  are  given  in  table  1  (Incl  3).  Apparently,  the  thermal 
properties  of  all  the  rock  types  examined  are  quite  siailar  with  the 
exception  of  the  rock  from  hole  CR-19  previously  identified  as  soda  diorite. 

FOR  THE  DIRECTOR: 


3  Incl 

as 


(quad) 


Copies  w/incl  furnished: 

H.  P.  Langley,  Aerospace  Corp. 

J.  Isenberg,  AJA 

S.  Schuster,  Applied  Theory,  me. 
P.  Piepcr,  TRW,  Inc. 

M.  V.  Anthony,  TRW,  Inc.  (dupe) 
P.  Gallo,  Ken  O'Brien  fc  Assoc. 


BRYANT  MATHER 
Engineer 

Chief,  Concrete  Division 


287 


(Issued  1  Sept.  1962) 
CRD-C  124-62 


C  124 


METHOD  OF  TEST  FOR 
SPECIFIC  HEAT  OF  AGGREGATES 


(Method  of 

Scope 

1.  This  method  of  test  covers  a 
procedure  for  determining  the  mean 
specific  heat  of  aggregates  by  the 
method  of  mixtures  using  particles 
smaller  than  1  in.  in  size. 

Note.*  Whea  ntjrr  precise  tslutl  ire  desired  snd 
the  specimen  miy  Iw  putts  rued  or  ground  to  p*s*  a  No. 
20  sieve  the  method  given  in  CRD-C 242‘ehouJd  be  c*ed. 

Apparatus 

2.  The  apparatus  used  in  this  test 
shall  consist  of: 

(a)  Calorimeter.-  A  calorimeter  of 
the  vacuum-flash  type  with  externa! 
insulation,  large  enough  to  accommo¬ 
date  samples  of  approximately  21b  in 
weight  placed  in  a  wire  basket,  and 
provided  with  an  insulated  cover  in 
which  are  openings  for  thermometer 
and  stirrer. 

(b)  Thermometer.-  A  thermometer 
graduated  to  0.1  F,  in  the  range  32- 
150  F. 

(c)  Constant  Temperature  Bath, 
Hot.-  An  electrically  heated  constant 
temperature  bath  with  thermostat  set 
at  approximately  125  t  1  F. 

(d)  Constant  Temperature  Bath, 
Cold.-  A  refrigerated  bath,  with  re- 
frigeration  thermostatically  con¬ 
trolled  at  approximately  35  1  1  F. 

(e)  jjasket.-  A  wire-mesh  basket, 
of  material  of  known  specific  heat, 
approximately  4  in.  in  diameter  b-  4 
in.  high. 

(f)  Balance.-  A  balance  capable  of 
weighing  5  lb  with  an  accuracy  of 
+  0.005  lb. 

(g)  Standard  Specimen.-  A  specimen 
of  material  of  known  specific  heat,  with 
the  product  of  mass  times  specific 
heat  equal  to  approximately  0.4  B/lb. 

(h)  Timer.-  A  timer  reading  in 
mtnutes  and  seconds. 

Specimen 

3.  For  determinations  of  mean 


Mixtures) 

specific  heat  of  aggregates  according 
to  the  method  outlined  herein  the 
specimen  to  be  used  shall  consist  of 
approximately  2  lb  of  the  aggregate 
to  be  tested.  The  specimen  shall 
contain  no  particles  larger  than  1  in. 
in  size.  When  the  material  to  be 
tested  includes  larger  particles  they 
shall  be  crushed  before  testing. 


Not*.-  If  •  Urge7  calorimeter  n  used  the  weight  of 
the  ape  c imta  may  b«  increased  proportionally. 

Procedure 

4.  (a)  Determination  of  the  Water- 
Equi-  alent  of  the  Calorimeter.-  Ap¬ 
proximately  2  lb  of  water,  weighed 
to  the  nearest  0.01  lb  shall  be  placed 
in  the  calorimeter.  The  calorimeter 
shall  be  placed  in  the  constant  tem¬ 
perature  room  until  temperature 
equilibrium  is  attained.  A  weighed 
standard  specimen  of  known  spe¬ 
cific  heat  shall  be  placed  in  the  wire 
basket,  the  basket  shall  then  be  sus¬ 
pended  by  a  fine  wire  in  either  the 
hot  or  the  cold  constant  tempera¬ 
ture  bath  until  equilibrium  is  reached 
(about  15  minutes).  The  specimen 
shall  have  been  weighed  previously 
both  dry,  and  in  a  dripping  condition 
after  immersion.  The  water  carry¬ 
over  shall  be  treated  as  describ.-d 
in  Paragraph  5  below.  The  temper¬ 
ature  of  the  constant  temperature 
bath  and  of  the  water  in  the  calorim¬ 
eter  shall  be  recorded  to  0.05  F,  and 
the  standard  sample  shall  be  placed 
inside  the  calorimeter.  1  he  water 
in  the  calorimeter  shall  be  stirred 
by  manually  raising  and  lowering  the 
wire  attached  to  the  specimen.  This 
supporting  wire  shall  pass  through 
a  minute  hole  in  the  cover.  Temper¬ 
atures  shall  be  recorded  each  min¬ 
ute  during  the  temperature  change, 
and  for  several  minutes  after  the 
maximum  change  has  occurred.  The 
time-temperature  curve  shall  then  be 
plotted  as  indicated  by  the  example 
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given  in  Fig.  1  and  the  curve  shall  be 
extrapolated  as  described  below  to 
correct  for  the  heat  lost  during  the 
time  the  measurements  were  being 
taken.  The  line  EGF  shall  be  so 
drawn  that  the  area  BFG  is  equal  to 
the  area  EGC.  The  approximate  po¬ 
sition  of  line  EGF  shall  be  determined 
by  inspection.  The  line  betweenpoints 
E  and  F  gives  the  maximum  tem¬ 
perature  change  which  the  specimen 
would  have  attained  had  there  been 
no  heat  loss  from  the  calorimeter. 
This  temperature  change  shall  be 
used  in  the  calculations  described  in 
Paragraph  5  below. 


calculations  described  in  Paragraph 
5  below.  At  least  seven  determina¬ 
tions  shall  be  made.  Hot  and  cold 
specimens  shall  be  tested  alternately 
in  order  to  prevent  the  temperature 
of  the  water  in  the  calorimeter  from 
becoming  greatly  different  from  the 
room  temperature,  so  that  heat  losses 
will  be  small  or  negligible. 

Calculations 

5.  The  water  equivalent  cf  the  cal¬ 
orimeter  and  the  mean  specific  heat  of 
the  sample  of  aggregate  shall  be  cal¬ 
culated  from  the  fallowing  formulas: 
(a)  Water  Equivalenl.- 

t(c  M  T  +  c.M  T  +  c.  m-Tfl 


Tm  tNil  «or  «C* 

COwCtOC  »*TM 
A  TIM*  IVTCftVAk  OMOtMATC. 

THC  T*«***ATU«S*  nSAD*«4 
AT  O  t»  VftUALlV  wntHltl, 

»  rm  ww-c*  C*K  A  V»»s*0«T  J 
lt«tC  *%  D*A**  TO  T-t  *!»' 
»r*rl«»TW«  KTW1 
CA».twa  T-4  Kom  o*  Tf« 
tMIAt  4 NO  Final 
tmutot  imAOACAAtca 
CWAAtTT. 


where: 

Me  =  water  equivalent  of  calorimeter, 
lb. 

ca  =  mean  specific  heat  of  standard, 
B/lb-deg  F. 

Mi  =  weight  of  water  placed  in  calo¬ 
rimeter,  lb, 

ci  a  mean  specific  heat  of  water, 
B/lb-deg  F, 


Not*.-  The  Apcclfic  fceat  of  water  may  b«  urumed 
to  \x  1.000  Btu/]b*d«g  F  without  *igaific*at  *rror. 


TlUa  IN  M4NUTU 

Fig.  1.  Time-temperature  history, 
specific  heat  determination 

(b)  Determination  of  tl.e  Mean  Spe¬ 
cific  Heat  of  Aggregates.-  The  mean 
specific  heat  of  an  aggregate  shall 
be  determined  by  placing  a  weighed 
sample  in  either  the  hot  or  the  cold 
water  bath,  and  proceeding  as  in  sub- 
paragraph  4(a).  The  sample  shall 
have  been  weighed  previously  both 
dry,  and  in  a  dripping  condition  im¬ 
mediately  after  removal  from  the 
bath,  and  the  water  carry-over  shall 
be  treated  in  accordance  with  the 


T.  =  temperature  change  of  water, 
corrected  for  heat  loss,  deg  F, 
M  =  weight  of  sample,  lb, 

M°  =  weight  of  water  carry-over,  lb, 
T  =  temperature  change  of  sample, 
corrected  for  heat  loos,  deg  F, 
c,  =  specific  heat  of  basket,  B/lb-deg 
F,  and 

M^  =  weight  of  basket,  lb. 

(b)  Mean  Specific  Heat.  - 

(Mi  +  Me)c1T1-(Moc1  +Mbcb)T 


where: 

c*  =  mean  specific  heat  of  specimen, 
B/lb-deg  F,  and 

the  remaining  symbols  have  the  same 
meaning  as  above. 
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CRD-C  44-63 

METHOD  FOR  CALCULATION  OF  THERMAL 
CONDUCTIVITY  OF  CONCRETE 


Scope 


k  =  oC 


1.  This  method  is  suitable  for 
calculating  the  thermal  conductivity 
of  concrete  from  results  of  tests  for 
diffusivity  and  specific  heat. 

Calculation 

2.  (a)  The  thermal  conductivity  of 
concrete  shall  be  calculated  from  the 
following  equation: 

k  =  asW 

where: 

k  =  thermal  conductivity,  Btu/ft-hr- 
deg  F. 

a  =  thermal  diffusivity.  ft^/hr, 
s  =  specific  heat,  Btu/lb-deg  F, 

W  =  actual  unit  weight,  lb/ft3. 

The  thermal  diffusivity  of  concrete 
shall  be  determined  using  either 
Method  CRD-C  36  or  CRD-C  37.  The 
specific  heat  of  the  concrete  shall  be 
determined  according  to  the  proce¬ 
dure  of  Method  CRD-C  124.  The  unit 
weight  of  concrete  shall  be  deter¬ 
mined  using  the  procedures  of  Meth¬ 
od  CRD-C  7. 

(b)  The  thermal  conductivity  of 
lightweight  concrete  and  similar  ma¬ 
terials  at  various  moisture  contents 
shall  be  calculated  from  the  following 
equation:  * 


'prtKKlurc  kuri  oo  poptt:  "7cm*  lot  Tkrrmil 
OlKwMtyi V  Gr«MlirM*lcrUla"Vr  WlUUmL.Slunsoii 
*»4  WiAthrop  A.  W«U»,  pubJiibcd  in  of  the 

AmtNtM  Society  for  T*«b|  MlitrUIi,  Voi  47.  1947. 


where: 

k  =  thermal  conductivity,  Btu/ft-hr- 
deg  F, 

o  -  thermal  dnfusivity,  fl^/hr, 

C  =  volumetric  heat  capacity.  IJtu/ftJ- 

deg  F. 

The  thermal  diffusivity  shall  be 
determined  using  method  of  test  for 
thermal  diffusivity  of  lightweight 
concrete  and  similar  materials.  A 
curve  shall  be  made  of  diffusivity 
versus  moisture  content  for  the 
range  used.  The  volumetric  heat 
capacity  shall  be  calculated  fiom  the 
following  equation: 

c  =  ^Ci 4 

where: 

C  =  volumetric  heat  capacity,  Btu/ft3- 
deg  F, 

■y  =  dry  unit  weight,  lb/ft3, 

Cj  =  specific  heat  of  dry  sample, 
wsmoisture  content,  percent  dry 
weight. 

The  specific  heat  of  materia'  re¬ 
moved  from  diffusivity  specimen 
shall  be  determined  according  to  the 
procedure  of  Method  CRD-C  242. 

Report  ‘ 

3.  The  calculated  value  for  ther¬ 
mal  conductivity  shall  be  reported  to 
two  decimal  places,  e.g.,  k  =  1.35 
Btu/ft  hr-deg  F. 


1 
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TABLE  1 


Thermal  Properties  of  Warren  Area  Cores 


Hole 

Ho. 

Core 

Ho. 

Depth, 

ft 

Density, 

lb/ft5 

Diffusivlty, 
ftVhr  (1) 

Specific 

Heat, 

BTU/lb-F  (2) 

Conductivity* 
FPH  CGS  x  103 

CR-4 

1% 

182 

167.4 

0.053 

0.1936 

1.72 

7.104 

CR-15 

19 

192 

179.8 

0.049 

0.1878 

1.65 

6.814 

CR-19 

2 

16 

176.8 

0.032 

0.1893 

1.07 

4.419 

CR-35 

8 

23 

166.4 

0.051 

0.1897 

1.61 

6.649 

*  FPH  3  BTU/Oir) (ft2) (deg  F  per  ft); 
CG5  *  cal/(sec)(cm2) (deg  C  oar  cn). 

HOTE:  (1)  Average  of  two  tests. 

(2)  Average  of  seven  te.'ts. 


Commander 

Space  and  Missile  Systems  Organization 
ATTN:  1LT  R.  G.  Tart,  Jr.  (SM2HF) 

Norton  Air  Force  Base,  California  92^09 

Mr.  R.  P.  Langley 
Aerospace  Corporation 
San  Bernardino  Operations 
P.  0.  Box  7308 

San  Bernardino,  California  92402 

CPE  J.  L.  Bratton 

Air  Force  Weapons  Laboratory 

Kirtland  Air  Force  Base,  New  Mexico  87117 

Dr.  J.  Isenberg 
Agbabian-Jacobsen  Associates 
8939  South  Sepulveda  Boulevard 
Los  Angeles,  California  90045 


20 


1 


1 


1 


i! 


j 

> 


I 


r 


Mr,  S.  Schuster  1 

Applied  Theory,  Inc. 

1728  Olympic  Boulevard  — 

Santa  Monica,  California  90404 


Mr.  F.  Pieper 
TEW,  Inc. 

Norton  Air  Force  Base,  California  92409 

Mr.  M.  V.  Anthony 
TEW,  Inc. 

Roam  710,  Building  527 

Norton  Air  Force  Base,  California  92409 


1 


1 


I 

» 

4 

* 

I 

* 


Mr.  Pat  Gallo 
Ken  O’Brien  and  Associates 
3745  Long  Beach  Boulevard 
Long  Beach,  California  90807 


292 


1  1  '  aSS I 


W$ Zj^wtr 

W£&his&&}'''i  ~ 


^gj^^g^^C^^ggjS^g^-^csgjfE^icg, ,^g--  --.IB^jj^ia^^  jps: 


_ Unclassified _ 

DOCUMENT  CONTROL  DATA  -RAO 

jfSKMrtty  tt«M>fk>Uon  oi  t III*,  bod?  ot  Rtiiwct  snd  lnrfj«fci|  wmlon  aw*t  tx  tnt»»d  »h*»  Un  >r»r4<l  It  c>n«tft«<tj 

t-  0*««*HATIHO  ACTIVITY  (C**p—t+  MI#Mlj  1*.  RCPOKT  UCUNlTV  CLAltll'ICATiON 

U.  S.  Army  Engineer  Waterways  Experiment  Station  Unclassified _ 

Vicksburg,  Mississippi  >*-  c*°u* 


(l.  MfOttT  TIYLB 


TES13  OF  HOCK  CORES,  VAHHEH  SffEK  AREA,  VYOMEB 


4.  OCBCAIPTIVt  NOTCs  (Trp*  •’  rfrl  An 4  tntlutlf  A.I.IJ 

Final  report 

•TJoTMomJTTKrM  7Sm»,  miSZi  TnttuTTuZi  n*mt) 

Kenneth  L.  Saucier 
Donnie  L.  Ainsworth 

rRIPORTO  A  TI  ----- 

March  1969 

It.  CONTRACT  ON  C  It  AMT  *40.  ' 


li  RROJICT  NO. 


1m.  TOTAL  NO.  OP  CAOCI  1b.  NO.  Of  NKFI 

286  9 

M.  ONI«INATOrS  RC»ORT  NIATRIRI*) 


Miscellaneous  Paper  C-69-3 

N  othin  WKNONT  Noil!  (Am y  imjtm  impNw  Nrtw«y  i»  HI 


10  WSTMOUTION  ST»^(M«NT 

Each  transmittal  of  this  docur.ent  outside  the  Department  of  Defense  oust  have  prior 
approval  of  the  Space  and  Missile  Systems  Organization  (SMQHF-2). 


I  It.  WMUHlHU.f  NOTH 


lit.  S.OMlOnma  MHIT..T  ACTIVITY 


U.  S.  Air  Force  Space  and  Missile  Systems 
Organization,  Air  Force  Systems  Comand 


Laboratory  tests  were  conducted  on  rock  core  samples  received  from  ten  core  holes 
drilled  in  the  Laramie  range,  Wyoming,  to  determine  the  integrity  and  m»"'ianical  be¬ 
havior  of  the  materials.  The  results  were  to  be  used  to  determine  tne  usefulness  of 
the  Warren  Siting  Area  for  potential  missile  sites.  Series  1  tests  (relative  hardness, 
specific  gravity,  compressive  strength,  sonic  velocity,  etc.)  indicated  the  materials 
to  be  relatively  uniform,  competent  granite,  diorite,  anc?  gneiss  rock.  Series  II 
tests  (triaxial,  hydrostatic,  and  confined  compression)  indicated  the  rock  to  be  rather 
incempressibie  and  brittle  up  to  36,000-psi  triaxial  stress.  Series  III  tests  indi¬ 
cated  that  the  granite  and  diorite  had  Hugoniot  elastic  limits  of  50  kilobars  or  more 
and  the  gneiss  approximately  20  kilobars.  In  order  to  better  define  the  physical  and 
mechanical  behavior  of  the  rock,  triaxial  tests  to  approximately  150,000  psi  on  in¬ 
tact  and  jointed  specimens  and  equation  of  state  tests  at  pressures  to  approximately 
600  kilobars  should  be  conducted. 
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